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AB S T R A C T
The p a t h w a y  for the d e g r a d a t i o n  of glyph o s a t e
( N - p h o s p h o n o m e t h y l g l y c i n e ) by P s e u d o m o n a s  b p. P62982
has bee n  d e t e r m i n e d  u s i n g  m e t a b o l i c  r a d i o l a b e l i n g
ex p e r iments* R a d i o r e s p i r o m e t r y  e x p e r i m e n t s  u t i l i z i n g
[ 3 - ^ C ] g l y p h o 8 a t e  r e v ealed that a p p r o x i m a t e l y  50-59Z of
the C3 ca r b o n  was o x i d i z e d  to COj. F r a c t i o n a t i o n  of
14stati o n a r y  phase cells labeled w i t h  [3- Cjg l y p h o s a t e
revealed that from 45-47% of the a s s i m i l a t e d  C3 carbon
is d i s t r i b u t e d  to p r o teins and that the amino acids
m e t h i o n i n e  and serine are highly labeled. The nucleic
acid bases adenine and g u a n i n e  received 90% of the C3
label that was i n c o r p o r a t e d  into nucl e i c  acids* and the
only p y r i m i d i n e  base labeled was thymine. These
results indicated that C3 of g l y p h o s a t e  was at some
point m e t a b o l i z e d  to a Cl compo u n d  whose u l t i m a t e  fate
could be both o x i d a t i o n  to COg and d i s t r i b u t i o n  to
amino acids and nucleic acid bases that receive a Cl
group from the C l - d o n a t i n g  coenzyme t e t r a h y d r o f o l a t e .
14Pulse l a b eling of PG2982 cells with [3- C]g l y p h o s a t e
i 4
revealed that [3- C ] s a r c o s i n e  is an i n t e r m e d i a t e  in 
g l y p h o s a t e  d e g r a dation. E x a m i n a t i o n  of crude extracts 
prepared fro m  PG2982 cells revealed the p r e s e n c e  of an 
enzyme that oxidizes sar c o s i n e  to glycine and
x
formaldehyde* These results Indicate that the first 
step In g l y p h o s a t e  d e g r a d a t i o n  by PG2982 is cleavage of 
the c a r b o n - p h o s p h o r u s  bond, r e s u l t i n g  in the release of 
sar c o s i n e  and a p h o s p h a t e  group* The p h o s p h a t e  group 
is u t i l i z e d  as a source of ph o s p h o r u s ,  and the 
sa rcosine is d e g r a d e d  to glycine and f o r m aldehyde* 
This p a t h w a y  is s u p ported by the results of 
[ 1 g l y p h o s a t e  m e t a b o l i s m  studies w h i c h  showed 
that r a d i o a c t i v i t y  in the p r o t e i n s  of labeled cells was 
found only in the glyc i n e  and serine residues. 
Inorganic p h o s p h a t e  i n h ibits g l y p h o s a t e  m e t a b o l i s m  at 
the t r ansport level but does not seem to have a direct 
effect on the o x i d a t i o n  of C3 of g l y p h o s a t e  to
co2.
P h o s p h o n a t e  u t i l i z a t i o n  by P s e u d o m o n a s  sp* PG2982 
was i n v e stigated. Each of the ten p h o s p h o n a t e s  tested 
were u t i l i z e d  as a sole source of p h o s p h o r u s  by PG2982. 
R e p r e s e n t a t i v e  co m p o u n d s  tested included
a l k y l p h o s p h o n a t e s , 1- a m i n o - s u b s t i t u t e d  a l k y l p h o s -
phonates, a m i n o - t e r m i n a l  p h o s p h o n a t e s ,  and an 
a r y l p h o s p h o n a t e . PG2982 c u l tures d e g r a d e d
p h e n y l p h o s p h o n a t e  to benz e n e  and produced methane from 
m e t h y l p h o s p h o n a t e • The data indicate that PG2982 is 
capable of cleaving the c a r b o n - p h o s p h o r u s  bond of 
several s t r u c t u r a l l y  d i f f e r e n t  p h o s p h o n a t e s *
xi
L I T E R A T U R E  REVIEW
G l y p h o s a t e  Is the active Ingr e d i e n t  In the 
h e r b i c i d e  R o u n d u p , w h i c h  is m a n u f a c t u r e d  by the 
M o n s a n t o  C h e mical Company, St. Louis, Mo. The
b i o l o g i c a l  a c t ivity of this compound, also k nown as 
N - p h o s p h o n o m e t h y l g l y c i n e , was first reported by Baird 
et al. in 1971 (3). Initial field tests showed that
R o u n d u p  was a very e f f e c t i v e  herbicide w h i c h  could 
control a wide s p e c t r u m  of weeds at a p p l i c a t i o n  rates 
of 0.75 to 2.0 lb/acre. Roundup has the ad v a n t a g e  of 
being n o n - h e r b i c i d a l  to fruit trees if foliar spraying 
is avoided, and is an eff e c t i v e  p o s t e m e r g e n t  h e rbicide 
for p e r e n n i a l  and annual weeds. Roundup is g e nerally 
used as a p o s t e mergent h e rbicide that is applied to 
fields wit h  an implement that allows the her b i c i d e  to 
come into contact wit h  weeds w hich are taller than the 
commercial crop. Anot h e r  effective but limited method 
of R o u n d u p  use is as a pre - e m e r g e n t  herbicide w h i c h  is 
sprayed onto fields during or soon after planting. The 
dormant seeds of the comm e r i c a l  crop are not affected 
but weeds are killed.
G l y p h o s a t e  can become i nactivated if its binds to 
soil. Early work by Sprankle et al. (51) indicated 
that glyp h o s a t e  is bound to soil pa r t i c l e s  thro u g h  the
1
2
p h o s p h o n i c  acid moiety, and that p h o s p h a t e  competes for 
binding sites. The p r e s e n c e  of tri-v a l e n t  cati o n s  such 
as Al and Fe in soil grea t l y  e n h a n c e s  glyp h o s a t e  
a dsorption, suggesting that an a d s o r b e n t - c a t i o n -  
he r b i c i d e  complex may form wit h  clay and organic mat t e r  
(52). A 1985 study by G lass (18) has shown that 
g l y p h o s a t e  is an e f f ective metal c h e lator w h i c h  forms 
stable c o m plexes with c a d m i u m  and cupric ions through 
int e r a c t i o n s  w ith the c a r b o xylate, amino, and pho s p h o n o  
groups, and a water molecule.
In 1972, Jaworski (27) reported the first atte m p t  
to i d e ntify the m e c h a n i s m  of plant g r o w t h  i n h i b i t i o n  by 
glyphosate. Using the b a c t e r i u m  R h i z o b i u m  j a p o n i c u m  
and the aquatic plant d u ckweed, he found that g r o w t h  
inhib i t i o n  caused by g l y p h o s a t e  could be reversed in 
both org a n i s m s  through the simultaneous a d d i t i o n  of the 
amino acids phenyla l a n i n e ,  tryptophan, and tyrosine. 
Similiar results were obtained in studies wit h  
E s c h e r i c h i a  coli and the u n i c e l l u l a r  alga C h l a m y d o m o n a s  
(19,55). The results of these studies s u ggested that 
g l y p h o s a t e  interfered wit h  the b i o s y n t h e s i s  of a r o m a t i c  
amino acids (shikimate pathway) in b a c t e r i a  and plants.
The enz y m a t i c  step of the shikimate p a t h w a y
3
inhibited by glyph o s a t e  was first studied by
Steinrucken and Amrh e l n  u sing Klebs i e l l a  pneumoniae 
(55). They found that the enzyme 3 - p h o s p h o s h l k i m a t e -
1-carboxyvinyl t r a n s f e r a s e , (EC 2.5.1.19 , EPSF
synthase) was potently inhibited by g l y p h o s a t e  with a 
Ki of about 10,000 nM (55). EPSP synthase c a talyzes a
reaction in which an intact e nolpyruvyl (c a r b o x y v l n y 1) 
group Is transferred from p h o s p h o e n o l p y r u v a t e  (PEP) to 
the 5-hydroxyl group of s h i k i m a t e - 3 - p h o s p h a t e  to form 
EPSP, as shown in the fo l l o w i n g  reaction:
coon c o o h
O J!UL- OO ^ V y ^ O H  0'V SyX ^ O  C-COOH
HO-P-OH o h  h o - p -o h  o h
I t  I Io o
SHIKIMATE-3 - PHOSPHATE EPSP
Recent e n z y m o l o g i c a l  a n a lysis of EPSP synthase 
from s u s p e n s i o n - c u l t u r e d  cells of bacteria (Klebs i e 1 1 a  
p n e u m o n i a e ) and higher plants (N l c o t l a n a  s l l v e s t r i s ) 
have shown that glyphosate i n hibition of EPS P  synthase 
is compet i t i v e  with respect to PEP and that glyphosate  
co m petes w i t h  PEP for bind i n g  to an
e n z y m e :shikimate-3-P comp l e x  (45,56). EPS P  synthase 
m o l e c u l e s  are then rendered inactive by the resulting
4
dead end enzyme:shikimate-3-P:glypho8ate complex.
M o l e c u l a r  g e n e t i c s  studies have recently shown 
that E P S P  synthase Is an i_n vivo target of g l y p h o s a t e  
in b a cteria. Rogers et al. cloned the aro A  gene (which 
codes for E PSP synthase) f r o m  E ^  coli onto a m u l t i c o p y  
plasmid w h i c h  o v e r p r o d u c e s  the enzyme 5-17 fold (43). 
These i n v e s t i g a t o r s  have shown that cells carrying this 
plasmid exhibit an 8-fold increase in the minimal 
i n h i b i t o r y  c o n c e n t r a t i o n  of g lyphosate. Smart et al. 
have r e c e n t l y  reported that plant cell cultures of 
Cor y d a l l s  sem p e r v l r e n s  grown in the p r e sence of 5 raM 
g l y p h o s a t e  ov e r p r o d u c e  E PSP synthase ne a r l y  40-fold 
(49). The other enzymes of the shikimate pathway had 
the same level of a c t i v i t y  as n o n a d a p t e d  cells. EPSP 
synthaBe purified fro m  g l y p h o s a t e - t o l e r a n t  C. 
s e m p e r v l r e n s  cells had the same physical, kinetic, and 
im m u n o l o g i c a l  prope r t i e s  as g l y p h o s a t e - s e n s i t i v e  cells, 
in d i c a t i n g  that enzyme o v e r p r o d u c t i o n  can increase 
g l y p h o s a t e  r esistance in plants as well as in 
m i c r o o r g a n i s m s .  Shah et al. recently d e m o n s t r a t e d  
that a g l y p h o s a t e - t o l e r a n t  Petunla hybr i d s  cell line 
o v e r p r o d u c e s  EPSP s y n thase m e s s e n g e r  R N A  20-fold (47).
Comai et al. d e v e l o p e d  a g l y p h o s a t e  tolerant 
mu t a n t  of S a lmonella t y p h i m u r i u m  w h i c h  c o n t a i n s  an
5
EPSP synthase that la res i s t a n t  to glyphosate (7). 
S e quencing of the a roA gen e  from this glyphosate 
tolerant nutant showed that there Is a single amino 
acid change (proline to serine) In the mutant EPSP 
synthase (54). Comal et al. have recently introduced 
this mutant aroA gene into tobacco leaf cells using a 
T i - p l a s m i d  based vector (8). EPSP synthase assays of 
the transformed cells r e v ealed that enzyme levels were 
4 times greater In one clone, i ndicating that the 
mutant allele was being expressed. Whe n  actively 
grow i n g  transformed plants were sprayed with glyphosate 
and examined 40 days later, they weighed 70% of the
u n sprayed controls. This study Indicated that
g l y p h o s a t e  resistance can a lso be confered through the 
e x p r e s s i o n  of a mutant aroA gene.
Glyph o s a t e  contains within its structure a 
ca r b o n - p h o s p h o r u s  (C-P) bond, as shown below:
0 H H H Oo i l  i iiHO-P-C-N-C-C-OH
1 i iOH H H
The p r e s e n c e  of a C-P bond places g l y p h o s a t e  into a
unique class of o r g a n o p h o s p h o r u s  compounds called
6
p h o s p h o n a t e s *  The C-P bond of u n s u b s t i t u t e d
p h o s p h o n a t e s  is the r m a l l y  stable and can w i t hstand 
a u t o c l a v i n g  at 120°C and 15 lbs. p r e s s u r e  for 60 min. 
w i t h o u t  u n d e r g o i n g  any d e t e c t a b l e  d e c o m p o s t i o n • This 
is due to the h i g h  bond energy of the C-P b o n d . which 
has been c a l c u l a t e d  to be 62 Kcal as c o m pared to other 
high energy bonds such as c a r b o n - s i l i c o n  (68 Kcal) and 
c a r b o n - c a r b o n  (64 Kcal) bonds (17).
The C-P bond of p h o s p h o n i c  acids is also resistant 
to c h e m i c a l  attack. P h e n y l p h o s p h o n i c  acid can be 
n i t r a t e d  w i t h  nitric acid at 100°C (17). and it is
common p r a c t i c e  to r e c r y s t a l l i z e  p h o s p h o n i c  acids from 
hot 6 N h y d r o c h l o r i c  acid. In the c h e mical synthesis 
of g l y p h o s a t e  under a l k a l i n e  c o n d i t i o n s  (15). a sodium 
h y d r o x i d e  c o n c e n t r a t i o n  of 8 M is m a i n t a i n e d  while 
r e f l u x i n g  for 24 hrs.
The first n a t u r a l l y  occuring p h o s p h o n a t e  to be 
det e c t e d ,  a m i n o e t h y l p h o s p h o n a t e  (AEPn). was isolated by 
H o r i g u c h i  in 1959 f rom a mixed culture of rumen 
p r o t o z o a  (25). AEPn has s u b s e q u e n t l y  been found in 
many species of plants and animals as a free molecule 
in lipids and in m a c r o m o l e c u l a r  m a t e r i a l  (22.28.29.38). 
It has bee n  suggested that the r e s i s t a n c e  of the C-P 
bond to e n z y m a t i c  a t t a c k  by p h o s p h a t a s e s  confers a 
bi o l o g i c a l  a d v a n t a g e  to o r g a n i s m s  w h i c h  have 
p h O B p h o n o l i p i d s  in their m e m b r a n e s  (23). O ther
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n a t u r a l l y  occuring p h o s p h o n a t e  m o l e c u l e s  Include the 
a n t i b i o t i c s  f o a f o m y c l n  and a l a f o s f a l i n  p r o duced by 
b a c t e r i a  of the genus S t r e p t o m y c e s  (22).
In 1963, Z e l e n l c k  et al. reported the first 
ev i dence for bac t e r i a l  cleavage of a C-P bond by 
showing that coll could g row on either 
me thyl p h o s p h o n a t e  or e t h y l p h o s p h o n a t e  as a sole source 
of p h o s p h o r u s  (60). Subsequently, there have been 
several reports citing cleavage of the C-P bond by a 
v a r i e t y  of bac t e r i a l  ge n e r a  (6,9,11,20).
C oo k  et al. (9) isolated 14 species of 
p h o s p h o n a t e - u t i l i z i n g  b a c teria from sewage sludge by 
growing each isolate wit h  a g iven ph o s p h o n a t e  as the 
sole source of phosphorus. Each o r g a n i s m  g e n erally 
utilized only the ph o s p h o n a t e  it was enriched on and 
AEPn. The preva l e n c e  of A E P n  in the enviro n m e n t  
pres u m a b l y  contri b u t e s  to its u b i q u i t o u s  d e g r a d a t i o n  by 
m i c r o o r g a n i s m s .
The most t h o r o u g h  study of p h o s p h o n a t e  m e t a b o l i s m  
by a single m i c r o o r g a n i s m  was conducted by LaNauze and 
Ros e n b e r g  in the late 1960's. These two investigators 
isolated a strain of Bacillus cereus w h i c h  utilized 
AEPn as a sole source of phos p h o r u s  (30). In a 1968 
report (31), they showed that A E P n  is d e a m i n a t e d  to 




H 2N ( C H 2 )2P 0 3H 2  > H - C - C H 2 P 0 3H 2
2 - A M I N O E T H Y L P H O S P H O N A T E  P H O S P H O N O A C E T A L D E H Y D E
In 1970, La Nauze et al (32) d e s c r i b e d  the only 
successful p u r i f i c a t i o n  and c h a r a c t e r i z a t i o n  of an 
enzyme that cleaves the C-P bond. Their p h o s p h o n a t a s e  
enzyme, p h o s p h o n o a c e t a l d e h y d e  hyd r o l a s e  (EC 3.11.1.1), 
d e g raded only p h o s p h o n o a c e t a l d e h y d e  y i e l d i n g
a c e t a l d e h y d e  and i n organic pho s p h a t e  by the following 
hydro l y s i s  reaction:
0 0
II II
H - C - C H 2P 0 3H 2  > H - C - C H 2 + Pi
P H O S P H O N O A C E T A L D E H Y D E  A C E T A L D E H Y D E
Several i n v e s t i g a t o r s  have ident i f i e d  d e g r a d a t i o n  
products from ph o s p h o n a t e  m e t a b o l i s m  (1,6,11,12). Cook 
et al. ident i f i e d  a strain of K l e b s i e l l a  p n eumoniae 
w h i c h  p r o duces b e n z e n e  from the cleavage of
m e t h y l p h o s p h o n a t e  or p h e n y l p h o s p h o n a t e  (11). Daughton 
et al. i s o lated a P s e u d o m o n a s  t e s t o steronl strain
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w h i c h  cleaves the C-P bond of several a l k y l p h o s p h o n a t e s  
(13). No oxidi z e d  organic p r o d u c t s  were found in these 
d e g r a d a t i o n  studies. The c l e a v a g e  of the C-P bond 
a p p a r e n t l y  occured by a h y d r o l y t i c  process in w hich the 
-OH of w a t e r  is i n c o r porated into phos p h o r u s  and the H 
to the carbon.
G l y p h o s a t e  appears to be c o - m e t a b o l i z e d  by 
m i c r o o r g a n i s m s  in the soil. An early study by Sprankle 
et al. in 1975 showed that the initial rate of COj 
p r o d u c t i o n  from [3 - ^ C ] g l y p h o s a t e  was rapid during the 
first 2 days after a p p l i c a t i o n  to soil (52). This 
rapid d e g r a d a t i o n  rate was followed by a longer period 
of slow but c o n t i n u o u s  CO^ p roduction, sugge s t i n g  that 
g l y p h o s a t e  was rapidly d e g raded by soil m i c r o f l o r a  to a 
m e t a b o l i t e  whose d e g r a d a t i o n  rate was slower. 
C o n f i r m a t i o n  of meta b o l i t e  a c c u m u l a t i o n  was p r o v i d e d  by
Rueppel et al. in 1977 w h e n  they isolated
14 14[ C ] a m i n o m e t h y l p h o s p h o n a t e  ([ C]AMPn) from
[ S - ^ C l g l y p h o s a t e  treated soil (46). [ ^ C ] A M P n  levels
in soil/ w a t e r  shake flasks rapidly in c r e a s e d  during the
initial g l y p h o s a t e  d e g r a d a t i o n  period, then slowly
decre a s e  over a period of 10 days. A d d i t i o n a l  evidence
for c o - m e t a b o l i s m  of g l y p h o s a t e  by soil m i c r o f l o r a
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has been p r o v i d e d  by other i n v e s t i g a t o r s  (40,41).
Despite the abil i t y  of the soil n i c r o f l o r a  to 
degrade g l y p h osate, very few of those m i c r o o r g a n i s m s  
have been isolated. Talbot et al. r e p o r t e d  in 1984 
that a Ps e u d o m o n a s  sp. i s o l a t e d  from an aero b i c  sewage 
d i g e s t e r  could utilize g l y p h o s a t e  as a sole source of 
phosp h o r u s  (57). This isolate d e c r e a s e d  the g l y p h o s a t e  
c o n c e n t r a t i o n  of the gr o w t h  m e d i u m  f rom 240 uM to 190 
uH in 70 hrs. Bal t h a z o r  and Hallas (4) have recently 
reported that a strain of F l a v o b a c t e r l u m  i s o l a t e d  from 
a sludge pond used to treat g l y p h o s a t e  cont a i n i n g  
wastes u t i l i z e d  either g l y p h o s a t e  or AMP n  as a source 
of phosphorus. This o r g a n i s m  cleaves g l y p h o s a t e  to 
AMPn and ei t h e r  a single C 2 unit or two Cj units, then 
breaks dow n  the AMPn to o b t a i n  p h o s p h o r u s  for growth 
(4) as shown below:
h 2 o 3 p c h 2 n h c h 2 c o 2 h  + o 2 ----- > h 2 o 3 p c h 2 n h 2
G L Y P H O S A T E  A M 1 N 0 M E T H Y L P H 0 S P H 0 N A T E
h 2o 3 p c h 2 n h 2 + 2 0 2 ----> p o 4 3~ + n h 4 + + co2 + h 2 o
A M 1 N 0 M E T H Y L P H 0 S P H 0 H A T E
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Un l i k e  other p h o s p h o n a t e  d e g r a d i n g  organisms, this 
F l a v o b a c t e r i u m  sp. can d e g r a d e  g l y p h o s a t e  in the 
p r e s e n c e  of ino r g a n i c  phosphate. H o w e v e r ,  AMPn 
d e g r a d a t i o n  is in h i b i t e d  by ino r g a n i c  p h o s p h a t e  (4).
The study of g l y p h o s a t e  m e t a b o l i s m  by bacte r i a  wast
g rea t l y  f a c i l i t a t e d  in 1983 whe n  M oore et al. (39) 
isolated a P s e u d o m o n a s  sp. w h i c h  they d e s i g n a t e d  as 
s train PG2982. This o r g a n i s m  u t i l i z e s  g l y p h o s a t e  as a 
sole source of p h o s p h o r u s  in a defined medium. PG2982 
was f o r t u i t o u s l y  isolated from a Ps e u d o m o n a s  aerug i n o s a 
ATCC 9027 stock culture by Moore as he was routinely 
scr e e n i n g  bacteria for the abil i t y  to degrade 
g lyphosate* The P_;_ a e r u g i n o s a  culture a p p e a r e d  to be 
slowly d e g r a d i n g  g l y p h o s a t e  over a period of 2 weeks. 
After str e a k i n g  the culture out on a comp l e x  medium, 
M oore et al. found that there were both w hite and brown 
c o l onies present. W h e n  these two dif f e r e n t  colonies 
were i s o lated and studied indivi d u a l l y ,  it was found 
that the white strain r e q uired the a d d i t i o n  of yeast 
extract to a minimal m e d i u m  in order to grow. The 
w hite colony could degr a d e  g l y p h o s a t e  u nder these 
c o n d i t i o n s ,  but the b rown colony could not. S u bsequent 
c h a r a c t e r i z a t i o n  studies showed that PG2982 (white 
colony) d i f f e r e d  fro m  the A TCC 9027 P^_ a e r u g i n o s a
culture in several imp o r t a n t  c h a r a c t e r i s t i c s  (39). 
P. a e r u g i n o s a  is motile by a p olar m o n o t r i c h o u s
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flagellum, p r o t otrophic, has a Mol% G + C of 6 6 % In the 
DNA, and does not degr a d e  glyphosate. PG2982 was found 
to be a nonmo t i l e ,  thiamine a u x o t r o p h  that has a MolX G 
+ C of 60% and the abil i t y  to degr a d e  glyphosate. 
These data indicate that PG2982 is not a mutant of P. 
aerug i n o s a  ATCC 9027. The origin of PG2982 remains a 
mystery to this day. Several other i n v e s t i g a t o r s  have 
obtained P s e u d o m o n a s  aeru g i n o s a  ATCC 9027 from the 
A m e r i c a n  Type Culture C o l l e c t i o n  and have 
u n s u c c e s s f u l l y  tried to isolate PG2982 u sing the 
t e chniques d e scribed by M oore et al.
The transport of glyph o s a t e  by a pure culture of 
b a c t e r i a  was first studied by Moore in 1983 using 
PG2982. He found that glyph o s a t e  transport was 
i m m e d i a t e l y  inhibited upon addition of inorganic 
pho s p h a t e  to the gr o w t h  medium, and that 
a m i n o m e t h y l p h o s p h o n a t e  inhibited transport 82% (J. K. 
Moore, Mast e r s  thesis, Lou i s i a n a  State University, 
Baton Rouge, Louisiana). This finding agreed well with 
other studies on ph o s p h a t e  inhib i t i o n  of p hosphonate  
m e t a b o l i s m  (1,6,20). To date there has been no report 
of a b a c t e r i u m  w h i c h  can cleave the C-P bond in the 
presence of Inorganic phosphate.
Moore was the first to use r a d i o t r a c e r  e xperiments  
to i n v e s tigate glyphosate m e t a b o l i s m  by a pure culture
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of b a c t e r i a  (J. K. Moore* M a s t e r s  thesis* L o uisiana
State Un i v e r s i t y *  Baton Rouge* L ouisiana). Using 
14[3- C ] g l y p h o s a t e  as a tracer* he showed that
a p p r o x i m a t e l y  50Z of the C-P bond carbon (C3) was 
14oxidized to This study showed for the first
time that a pure culture of bacteria could cleave the
C-P bond of glyphosate. A n a lysis of the cells showed
that 30Z of the assimi l a t e d  r a d i o a c t i v i t y  was in the
form of t r i c h l o r o a c e t i c  acid p r e c i pitable material,
indi c a t i n g  that C3 of g l y p h o s a t e  was being used for the
synthesis of cellular components. No r a d i o active
m e t a b o l i t e s  other than CO^ were found and therefore a
ca tabolic pathway could not be constructed.
A second* somewhat more revealing study of
glyph o s a t e  m e t a b o l i s m  by PG2982 was conducted by Jacob
15 13et al. in 1985 using cells grown on N and C-labeled 
g l y p h o s a t e  (26). Solid-state NMR analy s i s  of cells 
revealed that the glycine mo i e t y  of glyp h o s a t e  could be 
found intact in p r o teins and purines. This suggested 
that at some point in g l y p h o s a t e  d e g r a d a t i o n  glycine 
was released and s u b s e q u e n t l y  used to synthesize 
p r o teins and nucleic acids. Jacob et al. claimed to 
have d e t e r m i n e d  the complete route for g l y p h o s a t e  
m e t a b o l i s m  by PG29 8 2 -  w hile adm i t t i n g  that they had 
failed to detect any intermediates. Despite the
efforts of Moore and J acob et al.* the p a t h w a y  for 
g l y p h o s a t e  d e g r a d a t i o n  by PG2982 has not been 
d e t e r m i n e d •
Part I. Determination of the pathway for glyphosate 
degradation in Pseudomonas sp. PG2982.
14
15
I N T R O D U C T I O N
G l y p h o s a t e  ( N - p h o s p h o n o m e t h y l g l y c i n e )  Is the 
active i n g r e d i e n t  in the h e r b i c i d e  R o u n d u p  (Figure 1). 
The p r i m a r y  mode of a c t i o n  of g l y p h o s a t e  is the 
i n h i b i t i o n  of 3 - p h o s p h o s h i k i m a t e - l - c a r b o x y v i n y l
transf e r a s e  (EPSP synthase), an enzyme of the shikimate 
pathway r e s p o n s i b l e  for the b i o s y n t h e s i s  of aromatic
amino acids in bacteria and plants (27,55). Recent 
studies using g l y p h o s a t e  resistant Salmonella 
t y p h l m u r i u m  mutants (7) and r ecombinant Escherichia
coli stra i n s  cont a i n i n g  p l a smids that o v e r p r o d u c e  EPSP 
s y n thase (43) have con f i r m e d  that g l y p h o s a t e  is a 
potent inh i b i t o r  of this enzyme.
In several studies the mode of action of
g l y p h o s a t e  and the d e v e l o p m e n t  of g l y p h o s a t e  resistance 
in b a c t e r i a  and plants has b een investigated. In
contrast, the study of g l y p h o s a t e  m e t a b o l i s m  has been 
hampered by the lack of pure b a c t e r i a  that can degrade
g lyphosate. In soil, the fate of g l y p h o s a t e  is
complete d e g r a d a t i o n  by soil m i c robes (41,46). 
H o w ever, these studies y i e l d e d  little i n f o r m a t i o n  about 
the p a t h w a y  of g l y p h o s a t e  m e t a b o l i s m  u t i l i z e d  by
i ndi v i d u a l  b a cterial species.
M oore et al. (39) p r e v i o u s l y  r e p orted the
i s o l a t i o n  of a t h i a m i n e - r e q u i r i n g  Ps e u d o m o n a s  sp.
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Fig. 1* Structure of g l y p h o s a t e
17
P62982 fro m  a stock cult u r e  of P s e u d o m o n a s  a e r u g i n o s a
ATCC 9027 that can util i z e  g l y p h o s a t e  as a sole
p h o s p h o r u s  source* In b atch culture this o r g a n i s m
c o m p l e t e l y  utili z e s  1*0 m M  glypho s a t e ,  y i e l d i n g  a cell
density equal to that o b t a i n e d  w i t h  an e q u imolar
c o n c e n t r a t i o n  of inorganic p h o s p h a t e  (39). Recently,
Jacob et al. (26) used s olid-state 13C and 15N NMR
e x p e r iments to study the m e t a b o l i s m  of g l y p h o s a t e  by
P62982. They reported that g l y p h o s a t e  is cleaved
di r e c t l y  to glycine, w h i c h  is then u t i l i z e d  by PG2982
for p r o t e i n  and nucleic acid biosy n t h e s i s .  However,
their study did not indicate w h e t h e r  the o r g a n i s m
breaks the c a r b o n - p h o s p h o r u s  bond (C-P bond) of
gl y p h o s a t e  before or a fter glycine is r e l eased in order
to ob t a i n  p hosphorus for growth.
In order to det e r m i n e  the pathway for g l yphosate
d e g r a d a t i o n  by PG2982, we per f o r m e d  radiotracer
14e x p e r i m e n t s  u sing C-l a b e l e d  g lyphosate. These
experi m e n t s  have resulted in the succe s s f u l  isolation
of i n t e r m e d i a t e s  of g l y p h o s a t e  d e g r a d a t i o n  in
suff i c i e n t  quant i t i e s  for c h r o m a t o g r a p h i c  and e n z y m a t i c
analysis. Subs e q u e n t  studies with these met a b o l i t e s ,
and r a d i o r e s p i r o m e t r y  e x p e r i m e n t s  using
14[3- C ] g l y p h o s a t e , have led to the f o r m u l a t i o n  of a 
pathway of glyph o s a t e  d e g r a d a t i o n  In w h i c h  c l e avage of 
the C-P bond is the first step.
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M A T E R I A L S  AN D  M E T H O D S
O r g a n i s m  and culture conditions. PG2982 Is a glyp h o s a t e  
deg r a d i n g  P s e u d o m o n a s  sp. isolated in our l a boratory 
(39). The m e d i u m  used for the m a i n t e n a n c e  and gr o w t h  of 
PG2982 has been d e s c r i b e d  in a previous report (39). 
Cultures were r o utinely g r o w n  in 300 ml s i d e - a r m  flasks 
at 32°C on an orbital shaker (250 rpm). C u l tures for 
ex p e r i m e n t s  were always started wit h  a 1% log-phase 
inoculum.
Chemicals and r a d i o c h e m l c a l s . The free acid form of
glyph o s a t e  (99.7% purity) and E3-**C)g l y p h o s a t e
(specific a c t i v i t y  9.3 mCl m m o l ” 1 ) wer e  gifts from
Monsa n t o  Co., St. Louis, Mo. [ U - ^ C l g l y c i n e  (specific
- 1 1 &activ i t y  100 mCi mmol ), [ C j f o r m a l d e h y d e  (specific
— 1 14ac t ivity 40 mCi mmol ), and [ C] formate (specific 
activity 44 mCi m m o l ” 1 ) were o b t ained from R e s e a r c h  
Products I n t e r n a t i o n a l  Corp. (Mount Prospect, 111.). 
C h l o r o m e t h y l p h o s p h o n i c  acid was pur c h a s e d  from Aldrich 
Chemical Co., M i l w a u k e e ,  Vis. All o ther ch e m i c a l s  used 
in thiB study were of reagent grade.
Anal y t i c a l  m e t h o d s . Culture turbidity was m e a sured  
using a K l e t t - S u m m e r s o n  c o l o r i m e t e r  and a red filter 
(660 am). Bac t e r i a l  dry w e i g h t  m e a s u r e m e n t s  were made 
by fil t e r i n g  cells (using a 0.45 urn m e m b r a n e  filter)
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and w a s h i n g  them with 10 al of D w o r k i n - F o s t e r  salts 
s o l u t i o n  (39)* The m e m b r a n e  filter was d r i e d  for 6 hr 
In an oven at 60° C  and w e i ghed. G l y p h o s a t e  and other 
a m i n e - c o n t a i n i n g  m e t a b o l i t e s  were assa y e d  on a Beckman 
Amino Acid A n a l y s e r t m odel 120C a c c o r d i n g  to the 
pr o c e d u r e  of M oore et al. (39). F o r m a l d e h y d e  was 
d eter m i n e d  using the m e t h o d  of H a s h  as d e s c r i b e d  by 
Wood (59). Unless ind i c a t e d  o t h e r w i s e ,  r a d i o a c t i v i t y  
was deter m i n e d  by adding a port i o n  of the sample to 5 
ml of Aquasol s c i n t i l l a t i o n  c o c k t a i l  (New England 
Nuclear) and c o u nting in a B e c k m a n  LS 6800
s c i n t i l l a t i o n  counter.
R a d i o r e s p l r o m e t r y  e x p e r i m e n t s . To d e t e r m i n e  whet h e r 
[3 - * ^ C ]g l y p h o s a t e  was oxidized to C O 2 by PG2982, 300 ml 
s i d e - a r m  flasks were fitted w ith a CO^ trap using the 
a pp a r a t u s  des c r i b e d  by D o b rogosz (14). The cultures 
were incubated at 32°C on an orbital shaker (250 rpm) 
and allowed to reach s t a t i o n a r y  phase. During the 
course of the experi m e n t ,  a 250 ul sample of each
culture was removed using a sterile syri n g e  fitted with
a 1 0 cm ( 2 2  gauge) needle that had bee n  inserted
through a rubber septum in the culture flask. The 
c ulture samples were treated as follows: (i) d u p l i c a t e 
1 0 0  ul portions were filtered, w a s h e d ,  and d ried as 
d e s c r i b e d  above. These samples were w e i g h e d  for 
b a c t e r i a l  dry weight m e a s u r e m e n t s  and the r a d i o a c t i v i t y
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was counted in s c i n t i l l a t i o n  v ials as as s i m i l a t e d  
14[ C ] g l y p h o s a t e . (ii) d u p l i c a t e  10 ul p o r t i o n s  of the 
culture filtrate obtained above w ere counted to 
d e t e r m i n e  the r a d i o a c t i v i t y  rem a i n i n g  in the
e x t r a c e l l u l a r  medium. To d e t e r m i n e  w h e t h e r
14 14[ C ] f o r m a l d e h y d e  or [ C ] f ormate were o x i dised to C 0 2 ,
m id- l o g  p hase PG2982 cells (10 ml) grow i n g  in
g l y p h o s a t e  b roth were h a r v e s t e d  by cent r i f u g a t i o n ,
w ashed once wit h  D w o r k i n - F o s t e r  salts s o l u t i o n  (39),
and r e s u s p e n d e d  in 10 ml of g l yphosate broth. Either
14 140.5 uCi of [ C ] f o r m a l d e h y d e  or [ C]f o r m a t e  was added
to the culture and C 0 2 was trapped as o u t l i n e d  above.
F r a c t i o n a t i o n  of labeled c e l l s . M i d - l o g  phase PG2982
cells g r o w i n g  in m e d i u m  c o n t a i n i n g  either
14 14[3- C l g l y p h o s a t e  or [1,2- C l g l yphosate were harvested
and w a s h e d  twice wit h  D w o r k i n - F o s t e r  salts solution
(39) before f r a c t i o n a t i o n  by a m o d i f i e d  Roberts
technique (14). Duplicate samples were counted for
each f r a c t i o n a t i o n  step.
D i s t r i b u t i o n  of r a d i o a c t i v i t y  in nucleic acid b a s e s . 
The nucl e i c  acid f r a ction obtained from the modified 
Roberts p r o c e d u r e  was p r e c i p i t a t e d  w ith ethanol to 
obtain the nucl e i c  acids. This p r e c i p i t a t e  was 
h y d r o l y z e d  w ith 1 2 N p e r c h l o r i c  acid, and the bases 
were s e p arated by thin- l a y e r  c h r o m a t o g r a p h y  on
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p l a s t i c - b a c k e d  cel l u l o s e  sheets (5). The bases were 
v i s u a l i z e d  under UV light and scra p e d  into 
sc i n t i l l a t i o n  vials for countings
D i s t r i b u t i o n  of r a d i o a c t i v i t y  in p r o t e i n s . The protein
fraction o b t a i n e d  from the m o d i f i e d  Roberts p r ocedure
was p r e c i p i t a t e d  and w a s h e d  twice w i t h  6 N HCL. This
precipitate was then h y d r o l y z e d  in 6 N HC L  at 110°C for
24 hr. An aliquot of this h y d r o l y s a t e  was injected
into a Beckman 120C amino acid a n a lyzer for
q u a n t i t a t i v e  d e t e r m i n a t i o n  of amino acid content, and a
second a l i q u o t  was c h r o m a t o g r a p h e d  by t w o - d i m e n s i o n a l
thin-layer c h r o m a t o g r a p h y  on p l a s t i c  backed cellulose
plates ( 2 0  x 2 0  cm, 0 .L mm layer) using
i s o p r o p a n o l - f o r m i c  a c i d - w a t e r  (20:1:5, v/v/v) in the
first d i r e c t i o n  and b u t a n o l - a c e t o n e -  d i e t h y l a m i n e - w a t e r
(30:30:6:15, v/v/v/v) in the second direction.
R a d i o active amino acids were located by s c r aping the
spots on the plate where standard amino acids migrated
and counting in liquid s c i n t i l l a t i o n  vials.
Ra d i o t r a c e r  e x p e r i m e n t s . M i d - l o g  phase cells (20 ml)
g rown in g l y p h o s a t e  broth were c e n t r i f u g e d  at 1 2 0 0 0  x g
for 1 0 min at room t e m p e rature and w a s h e d  once with
Dw o r k i n - F o s t e r  salts solution. The cell pellet was
resusp e n d e d  in 5 ml of D w o r k i n - F o s t e r  salts s o l ution
14containing 10 uCi of [3- C l g l y p h o s a t e  ( s pecific
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a c t ivity 9.3 m C i / m m o l e )  and inc u b a t e d  at 32o.t on an
orbital shaker for 1 hr. The cells were h a r v e s t e d  by
c e n t r i f u g a t i o n  and e x t r a c t e d  2 times w ith 0.5 ml
p o r t i o n s  of 10Z t r i c h l o r o a c e t i c  acid (TCA). The TCA
e x t racts were c o n c e n t r a t e d  u n d e r  reduced p r e ssure and
r e s u s p e n d e d  in 0.25 ml of 0.2 N sodium citrate buffer.
14P u r i f i c a t i o n  of — —C - l a b e l e d  m e t a b o l i t e s  F r a c t i o n a t i o n
of g l y p h o s a t e  and i n t e r m e d i a r y  m e t a b o l i t e s  was carried
out u sing a B e c k m a n  120C amino acid a n a l y z e r  m o d ified
so that f r a c t i o n s  could be collected d i r e c t l y  from the
i o n - e x c h a n g e  column ( W 1 type resin) of the amino acid
a n a l y z e r  w i t h o u t  passing through the n i n h y d r i n  mixing
chamber. F r a c t i o n s  (1 ml) were c o llected and assayed
by liquid s c i n t i l l a t i o n  as d e s c r i b e d  above.
R a d i o a c t i v e  f r actions were pooled and passed through a
1 x 15 cm column of Dowex 50W-X8 (20-50 mesh, H + form,
Bio-Rad Co.). The s o d i u m  citrate buffer from the amino
14acid a n a l y z e r  and [ C ] - g l y p h o s a t e  were eluted wit h  100 
ml of w a t e r  while bound m e t a b o l i t e s  were eluted with 25 
ml of 2.0 N NH^OH. The N H ^ O H  wash was c o n c e n t r a t e d  
u nder reduced p r e s s u r e  and assa y e d  by t hin-layer 
c h r o m a t o g r a p h y  on cel l u l o s e  sheets ( 2 0  x 2 0  cm, 1 0 0  um 
layer) using the f o l l o w i n g  solvent systems: 
m e t h a n o l - p y r i d i n e -  h y d r o c h l o r i c  a c i d - w a t e r  (80:20:2:18 
v/v/v/v), e t h a n o l - w a t e r - 1 7  N a m m o n i u m  h y d r o x i d e -
23
t r i c h l o r o a c e t i c  acid-15 N acetic acid (55:35 : 2 . 5 : 3 . 5 : 2
v/ v / v /w/v), i s o p r o p a n o l - f o r m i c  a c i d - w a t e r  (20:1:5
v/v/v), s e c - b u t a n o l - f o r m i c  a c i d - w a t e r  (70:10:20 v/v/v),
and n - b u t a n o l - a c e t i c  a c i d - w a t e r  (30:7.5:12.5 v/v/v).
14I d e n t i f i c a t i o n  of s a r c o s l n e . The C-labeled
m e t a b o l i t e  iden t i f i e d  as sar c o s l n e  by bot h  i o n - e xchange
and thin - l a y e r  c h r o m a t o g r a p h y  was further a n a lyzed by
t r eatment wit h  the enzyme sarcoslne oxidase
( s a r c o s l n e :oxygen o x i d o r e d u c t a s e ( d e m e t h y l a t i n g )  EC
1.5.3.1). The assay sys t e m  c o n sisted of 3000 cpm of 
14[3- C j s a r c o s l n e  (60 ul), 1 ml of 50 mM p o t a s s i u m
pho s p h a t e  buffer (pH 7.5), and 1 unit of sarcoslne
oxidase. The reaction was carried out at 37°C in a 10 x
65 mm. glass tube sealed wit h  a serum stopper. After a
30 min i n c u b a t i o n  period, 2 ml of a solution containing
0.2Z 2 , 4 - d i n i t r o p h e n y l h y d r a z i n e  in 2 N H C L  was injected
through the serum stopper. Unl a b e l e d  f o r m a l d e h y d e  (2.0
umoles) was then injected into the tube to act as a
14carrier for the p r e c i p i t a t i o n  of any [ C j f o r m a l d e h y d e 
formed during the reaction. A fter 30 min of i n cubation 
at room temperature, the y e l l o w  p r e c i p i t a t e  formed in 
the tube was c o llected on a 0.45 urn filter and washed 
with 10 ml of 2 N HCL. The y e l l o w  pr e c i p i t a t e  was
d is s o l v e d  in ethyl acetate and c h r o m a t o g r a p h e d  on 
silica gel plates (20 x 20 cm, 100 um, A l l T e c h
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As s o c i a t e s ,  Inc.) u sing three dif f e r e n t  solvent systems 
(61): ca r b o n  t e t r a c h l o r i d e - a c e t o n e  (9:1 v/v), benzene, 
and c h l o r o f o r m - d i e t h y l  e ther (8:2 v/v). R a d i o a c t i v i t y 
on these plates was located by cutting the thin-layer 
plate into 1 . 0  cm squares and d r o p p i n g  each square into 
a vial c o n t a i n i n g  5.0 ml of s c i n t i l l a t i o n  fluid. The 
m i g r a t i o n  of r adioactive c o m pounds on the plates was 
compared w ith the m i g r a t i o n  of the
2 , 4 - d i n i t r o p h e n y l h y d r a z o n e  d e r i v a t i v e s  of formaldehyde 
and other aldehydes.
S ynthesis and p u r i f i c a t i o n  of g l y p h o s a t e . Glyphosate 
was s y n t h e s i z e d  using the pr o c e d u r e  of F r edericks and 
Summers (16) for the s y n thesis of a m i n o m e t h y l p h o s p h o n i c  
acids related to glyphosate. Glycine (0.2 moles) and 
0 . 0 2  m oles of c h l o r o m e t h y l p h o s p h o n i c  acid were 
dis s o l v e d  in 50 ml of water, adjusted to pH 10.5 w i t h  8 
M NaOH, and refluxed for 24 h. The crude product was 
p r e c i p i t a t e d  f rom the reflux mixture wit h  absolute 
ethanol, r e s u a p e n d e d  in 0.2 N sodium citrate buffer, 
and f r a c t i o n a t e d  using a Beck m a n  120C amino acid 
a n a l y z e r  as des c r i b e d  above. For the synthesis of 
[ 1 , 2 - 1 ^C] g lyphosate, 100 uCi of [ U - ^ C ]  glycine 
( s pecific a c t ivity 20 mCi mmol  ̂) were refluxed with 4 
umoles of c h l o r o m e t h y l p h o s p h o n i c  acid. The entire 
reflux mixt u r e  was c o n c e n t r a t e d  to 1 ml u nder reduced 
p r e s s u r e  and applied to the Beck m a n  120C a mino acid
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analyzer* Liquid s c i n t i l l a t i o n  assay of the resultant
fra c t i o n s  gave two r a d i o a c t i v e  peaks (1 and II) eluting
at fra c t i o n s  5-6 and 17-19* Cont r o l  ex p e r i m e n t s
i nd i c a t e d  that g l y p h o s a t e  eluted at the former volume.
F r a c t i o n  I was appl i e d  to a 30 x 1.5 cm column
c o n t a i n i n g  AG1-X8 (100-200 mesh, chloride form, Bio Rad
14Co.). The [1,2- C l g l y p h o s a t e  was eluted with 150 ml
of w ater w h i l e  the so d i u m  citrate buffer was retained
by the column. ThiB w a t e r  w a s h  was c o n c e n t r a t e d  under
r educed p r e s s u r e  and c h r o m a t o g r a p h e d  on cellulose
plates u sing the method d e s c r i b e d  by Sprankel et al.
(53). R a d i o a c t i v i t y  on the plates was located by
cutting the plates into 1 cm squares and count i n g  by
liquid s c i n t i l l a t i o n  assay. The yield of g lyphosate
under these conditions r epresented 25-30Z of the
theore t i c a l  yield. Using this p u r i f i c a t i o n  scheme, no 
14[ Clg l y c i n e  was d e t e c t e d  in the final product.
E nzyme a s s a y s . Crude cel l - f r e e  extracts for enzyme 
assays were p r e p a r e d  from washed PG2982 cells grown 
u nder v a r i o u s  c onditions. In all cases the cells were 
pelleted at 1 2 0 0 0  x g and was h e d  twice with 
D w o r k i n - F o s t e r  salts s o l u t i o n  (39) before resu s p e n s i o n  
in 50 mM T r i s - H C L  buffer (pH 7.0). The cells were 
b roken by three 30-s periods of s o n i c a t i o n  in an ice 
bath. The e x t racts were c e n t r i f u g e d  at 20000 x g 
(4°C) for 20 min to sediment u n b r o k e n  cells and cell
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wall mat e r i a l ,  and the a u p e r n a t a n t  was col l e c t e d  and 
kept on Ice until the assays w ere run (always wi t h i n  30 
min.). The assay for sarcoslne oxidase con t a i n e d  0.2 
ml of the crude extract, 0.6 ml of 50 mM Tris 
h y d r o c h l o r i d e  (pH 7.0), and 0.1 ml of 0.5 M sarcoslne. 
The reagents were added in this order and incubated at 
30°C for 40 min. The r e a c t i o n  was stopped by the 
a d d i t i o n  of 0 . 2  ml t r i c h l o r o a c e t i c  acid and centrifuged 
at 8,740 x g in a m i c r o f u g e  to sediment the protein. 
P o r t i o n s  of the s u p e r n a t a n t  were injected into a 
Beckman 120C amino acid a n a lyzer for glycine 
determi n a t i o n .
R E S U L T S
U t i l i z a t i o n  of glyp h o s a t e  by PG2982
Figure 2 shows that g l y p h o s a t e  rapidly d i sappears  
from the culture during b a t c h  growth. PG2982 cells 
began oxi d i z i n g  the C3 c a r b o n  of g l y p h o s a t e  to COg 
early in the logari t h m i c  phase of g r o w t h  (Figure 3). 
Data o b t ained from seve r a l  i n d e p e n d e n t  experi m e n t s  have 
shown that 50 to 59Z of the C3 carbon of g l y p h o s a t e  is 
found in the C O 2 trap at the end of b a t c h  growth. 
R a d i o a c t i v i t y  was a s s i m i l a t e d  by w hole cells (Figure 3) 
until m i d - l o g  phase, after w h i c h  time the amount of 

































Fig. 2. Growth ( • )  of PG2982 in g l y p h o s a t e  broth and 












Fig, 3. [ 3 - ^ 0 ]  glyph o s a t e  uptake (A) and COj
p rodu c t i o n  ( ■ )  by PG2982 cells grown In 
batch culture* The minimal medium 
contained 5 uCl of [ 3 - ^ C ]  glyphosate 
(0.5 mM final c o n c e n t r a t i o n )  as the sole 
p h o s p h o r u s  source* Cell growth ( O )  was 
mo n itored with a K l e t t - S u m m e r s o n  colorimeter.
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d e c r e a s e d  drama t i c a l l y *
There was no d e t e c t a b l e  COg p r o d u c t i o n  from Cl or 
C2 of g l y p h o s a t e  (Figure 4). Instead there was a 
steady a s s i m i l a t i o n  of r a d i o a c t i v i t y  by PG 2 9 8 2  cells 
throughout the g r o w t h  cycle until s t a t i o n a r y  phase was 
reached* A p p r o x i m a t e l y  100Z of the label from 
1 1 ,2 - * ^ C j g l y p h o s a t e  was a s s i m i l a t e d  by whole cells 
w hile less than 1Z of the o r i g i n a l  r a d i o a c t i v i t y  
remained in the culture supernatant*
E ffect of i n organic pho s p h a t e  on g l y p h o s a t e  u t i l i s a t i o n
F igure 5 shows that w h e n  i n o r g a n i c  pho s p h a t e  was 
present in addit i o n  to g l y p h o s a t e  as an al t e r n a t i v e 
source of phosp h o r u s  for PG2982, the cells u t i lized the 
ino r g a n i c  pho s p h a t e  first, wit h  ver y  little g lyphosate  
d e g r a d a t i o n  taking place du r i n g  this time. No
r a d i o a c t i v i t y  was found in the C O 2 trap during this 
time of ino r g a n i c  pho s p h a t e  util i z a t i o n .  H o w ever, when 
the ino r g a n i c  pho s p h a t e  was e x h a u s t e d  from the medium, 
g l y p h o s a t e  was rapidly u t i l i z e d  as the sole p h osphorus 
source* C o n c o m i t a n t  w i t h  g l y p h o s a t e  u t i l i z a t i o n  was 
the a p p e a r a n c e  of r a d i o a c t i v i t y  in the C <>2 trap, 
i n d i c a t i n g  that the C3 carbon of g l y p h o s a t e  was being 
oxidized.
In order to furthur i n v e s tigate the i n h i b i t i o n  of 













Fig. A. [ 1 ,2- 1 ^C] glyph o s a t e  up t a k e  ( ▲ )  and C 0 2 
p r o d u c t i o n  (fl) by PG2982 cells grown in 
b atch culture. The mini m a l  medium 
c on t a i n e d  1 uCi of [1,2— ^ C l g l y p h o s a t e  
(0.5 mM final c o n c e n t r a t i o n )  as the sole 
phosp h o r u s  source. Cell growth ( O )  was 
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F i g . ' 5. Utiliz a t i o n  of Fi ( Q )  and glyphosate ( A )
14d uring batch growth. C 0 2 production 
(O) was monitored throughout the growth 
cycle.
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were re B u s p e n d e d  in f resh 0.5 mM g l y p h o s a t e  broth 
c o n t a i n i n g  1 uCi of [3 - ^ C ] g l y p h o s a t e  and allowed to 
b egin oxi d i z i n g  C3 of g l y p h o s a t e  to C O ^ • When
o x i d a t i o n  of C3 to C O 2 was p r o c e e d i n g  at a linear rate, 
inorganic p h osphate was a dded to the cult u r e  such that 
the final i n organic p h o s p h a t e  c o n c e n t r a t i o n  was 1 mM 
(41 min. on Figure 6 ). C o n t i n u o u s  m o n i t o r i n g  of 
r a d i o a c t i v i t y  in the C 0 2 trap and in PG2982 cells 
revealed that t r ansport of g l y p h o s a t e  stopped 
immedi a t e l y  after a d d i t i o n  of ino r g a n i c  phosphate, 
while C 0 2 p r o d u c t i o n  c o n t i n u e d  at a slower rate. The 
r a d i o a c t i v i t y  present in PG2982 cells e x p o s e d  to 1 mM 
inorganic p h osphate d e c r e a s e d  as C3 of g l y p h o s a t e  was 
oxidized to C 0 2 > Cont r o l  cultures w h i c h  did not 
receive inorganic pho s p h a t e  con t i n u e d  to transport 
gl y h p h o s a t e  and oxidize C3 of g l y p h o s a t e  to C 0 2 at a 
rapid rate.
F r a c t i o n a t i o n  of labeled cells
P G2982 cells labeled w i t h  [3 - * ^ C ]g l y p h o s a t e  
con t a i n e d  a p p r o x i m a t e l y  50% of the r a d i o a c t i v i t y  in the 
protein and cell wall fraction, w h i l e  the rem a i n d e r  of 
the a s s i m i l a t e d  label was ev e n l y  i n c o r p o r a t e d  into the 
nucleic acid (24-26%) and lipid (20-23%) p ools (Table 
1). Only 3-5% of the a s s i m i l a t e d  r a d i o a c t i v i t y  could 
be found in the amino a c i d - o r g a n i c  acid pool ( m etabolic 
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M I N U T E S
Fig. 6 . The effect of Pi on [ 3 - ^ C ]  g lyphosate
transport and oxi d a t i o n  by PG2982 cells. 
Glyph o s a t e  grown cells were har v e s t e d  and 
divi d e d  into equal p o r t i o n s  before 
resuspending in fresh [3 - * * C ]glyphosate 
broth. Pi (1 mM final co n c e n t r a t i o n )  was 
added to one culture at 41 min.
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T ABLE 1. Dis t r i b u t i o n  of r a d i o a c t i v i t y  in PG2982
14cells after incub a t i o n  wit h  [ C l g l y p h o s a t e  and 
f r a c t i o n a t i o n  by the modified Roberts technique
R e c o v e r y  (X) of 
label
Fraction
l 3-*^C]glyphosate [1 ,2-**C]glyphosate
Me t abolic pool 3-5 1-2
Lipid 20-23 10-13
Nucleic acid 24-26 22-24
Protein 45-47 68-71
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F r a c t i o n a t i o n  of FG2982 cells a fter i n c u b a t i o n  
14with [1,2- C l g l y p h o s a t e  revealed that 1% of the label 
remained in the me t a b o l i c  pools, 10-132 was 
i n c o r p o r a t e d  into lipids, 242 was found in the nucleic  
acid fracion, and 68-712 was found in the p r o t e i n  and 
cell wall f r a c t i o n  (Table 1).
D i s t r i b u t i o n  of r a d i o a c t i v i t y  in n u c l e i c  acid bases
A n a lysis of the com p o n e n t  nucleic acid bases from cells
g rown in the p r e sence of [1 ,2 - * ^ C ]g l y p h o s a t e  revealed
that all of the r a d i o a c t i v i t y  was found in the purine
bases adenine and guanine (Table 2). No d e t e c t a b l e
radioactivity was found in the p y r i m i d i n e  bases of
these cells. The n u c l e i c  acid bases a d e n i n e  and
g uanine were ex t e n s i v e l y  labeled in cells i n cubated
with [3-*^C}g l y p h o s a t e  (Table 2). Only one of the
p yrimidine bases a n a lyzed from these cells, thymine,
c ontained r a d i o a t i v i t y .
D i s t r i b u t i o n  of r a d i o a c t i v i t y  in p r o teins
Acid h y d r o l y s i s  and subsequent c h r o m a t o g r a p h i c
14a nalysis of the protein f r a ction from [ C l g l y p h o s a t e
labeled cells is pr e s e n t e d  in Table 3. Glycine and
serine wer e  the only amino acids that showed d e t e c t a b l e
levels of r a d i o a c t i v i t y  in PG2982 cells g r o w n  in the
14presence of [1,2- Clglyp h o s a t e .  A n a l y s i s  of the
14protein h y d r o l y s a t e  fro m  [3- C l g l y p h o s a t e  labeled 
cells showed that m e t h i o n i n e  and serine c o n t a i n e d  the
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TABLE 2. D i s t r ibution of r a d i oactivity in nucleic
acid bases from PG2982 cells incubated in the presence 
14of [ Clglyphosate*
X Total r a d i oactivity in 
nucleic acid base hydrolysate
Base







TABLE 3. Incor p o r a t i o n  of radio a c t i v i t y  from
I A 4
{ C ] g l y p h o s a t e  into amino acids of PG2982.
Amino acid
R a d i o a c t i v i t y  
(c p m / n m o l e )
[ 3 - ^ C j g l y p h o s a t e  [ l , 2 -*^C]glyphosate
Methi o n i n e 17.6 0
Serine 6.7 2.4
Glycine 0 5.2
a PG2982 was grown to late log phase in 50 ml of 
g lyphosate b roth containing either 5 uCi of 
1 3 - ^ C ] g l y p h o s a t e  or 1 uCi of [ 1 »2-*^C]glyphosate. The 
cells were fractionated by the m o d ified Roberts 
technique and the protein fraction was h y drolyzed ' - 













Fig. 7. F r a c t i o n a t i o n  of tric h l o r o a c e t i c  acid
extract from PG2982 cells incubated with 
I3-**C]glyphosate for 1 hr. The extract 
was injected into a Beck m a n  120C amino acid 
a n a l y z e r  and fractions (1 ml) were collected 
d i r e c t l y  from the i o n - e x c h a n g e  column 
(W1 type resin) of the analyzer. The peak 
r e p r e s e n t e d  by fractions 5-6 is 
[3 — 1 ^ C ]g l y p h o s a t e , and the later peak 
(fra c t i o n s  14-16) is [ 3 - ^ C ]  sarcosine .
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TABLE 4. Thin- l a y e r  c h r o m a t o g r a p h y  on 100 urn
cellulose plates of ra d i o a c t i v e  peaks 1 and II obtained
14from PG2982 cells pulsed wit h  [3- Cjglyphosate.
sample
Rf in solvent *system
A B C D E
Glyphosa te .31 .40 oCM. GOCM• SOCM•
S a rcosine .53 .70 .47 .44 .41
Peak I .30 .38 .19 COCM• .25
Peak II .51 .70 .45 .42 .39
a A* m e t h a n o l - p y r i d i n e - h y d r o c h l o r i c  a c id-water 
(80:20:2:18 v/v/v/v); B- e t h a n o l - w a t e r - 1 7  N ammonium 
h y d r o x i d e - t r i c h l o r o a c e t i c  acid - 1 5  N acetic acid 
( 55:35:2.5:3.5:2 v/v/v/w/v); O  isopr o p a n o l - f o r m i c 
acid- w a t e r  (20:1:5 v/v/v); D- s e c - b u t a n o l - f o r m i c  
a c i d - w a t e r  (70:10:20 v / v / v ) ; E »  n - b u t a n o l - a c e t i c  
a cid - w a t e r  (30:7.5:12.5 v/v/v).
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14TABLE 5. Loss of radio a c t i v i t y  from C-labeled . 
metabolite after incu b a t i o n  w ith sarcosine d e h ydrogenase.








Enzyme, metabolite,  
DCPlPa
1500 113 316
Enzyme, m e tabolite 1500 1431 0
Enzyme, DCPIP 1500 1317 0
A  1 41500 cpm of C-»labeled m etabolite, 0.25 m icromoles of 
d i c h l o r o p h e n o l i n d o p h e n o l  (DCPIP), 0.7 ml of 50 mM T r l s-HCL 
buffer (pH 7.0), and 0.4 units of sar c o s i n e  dehyd r o g e n a s e  
were in c u b a t e d  at 32°C for 30 min.
/
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p r o t e i n - a s s o c i a t e d  r a d i o a c t i v i t y ,  w i t h  methi o n i n e 
rec e i v i n g  ne a r l y  three tiaes as auch label as serine*
Analysis of i n t e r m e d i a t e s
F r a c t i o n a t i o n  of the TG A  extract froa PG2982 cells
incubated w i t h  [3 - * * C ) g l y p h o s a t e  gave two radioactive
peaks (1 and II) e l u t i n g  at fractions 5-7 and 13-16,
re s p e c t i v e l y  (Figure 7). Control e x p e r i a e n t s  indicated
that [14C]gly p h o s a t e  eluted at the former volume.
P r e l i m i n a r y  e x p e r iaents i n dicated that the sise of peak
II inc r e a s e d  grea t l y  if the cells were incubated with 
14[3- C l g l y p h o s a t e  in the p r e s e n c e  of 50 mM sarcosine. 
Peak II was further p u r ified by passage through a Dowex 
50W-X4 column as o u t l i n e d  above, and the radioactive 
material that was eluted in the N H ^ O H  w a s h  was analysed  
by thin- l a y e r  c h r o m a t o g r a p h y .  The r a d i o a c t i v e  compound 
purified by this p r o c e d u r e  m i g r a t e d  w i t h  sarcosine in 
all five solvent systems tested (Table 4).
I ncu b a t i o n  of the [ -labeled m e t a b o l i t e  with 
the ensyme sarcosine d e h y d r o g e n a s e  resulted in a loss 
of r a d i o a c t i v i t y  from the compound (Table 5). When 
this r e a c t i o n  was carried out in a closed tube, it was 
found that the v o l a t i l e  product p r o d u c e d  during the 
re a ction could be p r e c i p i t a t e d  by
2 , 4 - d i n i t r o p h e n y l h y d r a s i n e  w h i c h  was Injected through a 
rubber septum. This p r o d u c t  was iden t i f i e d  as the
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2 , 4 - d i n i t r o p h e n y l h y d r a s o n e  d e rivative of
14[ C ] f o r m a l d e h y d e  by t h i n - l a y e r  c h r o m a t o g r a p h y  using
three d i f f e r e n t  solvent systems (Table 6 ).
R a d i o a c t i v i t y  a s s o c i a t e d  w ith the pre c i p i t a t e d  product
m i g r a t e d  w i t h  aut h e n t i c  2 , 4 - d i n i t r o p h e n y l h y d r a s o n e -
f o r m a l d e h y d e  on e ach silica gel plate.
F r a c t i o n a t i o n  of the TG A  extract obtained from
c h l o r a m p h e n i c o l  treated (100 ug m l ” 1 ) PG2982 cells
i ncubated wit h  [ 1 ,2- 1 ^ C ] g l y p h o s a t e  gave two r adioactive
peaks (1 and II) e l u t i n g  at fractions 5-7 and 1 6 - 1 8 t
r e s p ectively (Figure 8 ). Control ex p e r i m e n t s
14indicated that [ C ] g l y p h o s a t e  eluted at the former 
volume. Pea k  II was furthur purified by passage 
through a Dowex 50W-X4 cloumn as outlined above and 
an a l y s e d  by t h in-layer c h r o m a t ography. The radioactive  
compo u n d  purif i e d  by this pro c e d u r e  m i g r a t e d  w ith 
glycine in all five solvent systems tested (Table 7). 
U t i l i s a t i o n  of formate and for m a l d e h y d e  by PG2982
I n c u b a t i o n  of logari t h m i c  phase PG2982 cells with
14 14either [ C ] f o r m a l d e h y d e  or [ C] formate resulted in
the rapid p r o d u c t i o n  of COj after a 2 0  min. lag period
(Figure 9) A p p r o x i m a t e l y  6 6 Z of the f ormaldeyde and
100Z of the formate added was oxidised to C O 2 after 7
hrs. of incubation. There was no r a d i o a c t i v i t y  in CO^
traps f r o m  u n i n o c u l a t e d  control flasks.
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T A B L E  6 . Mig r a t i o n  of 2 ,4-dinitroph e n y l h y d r a s o n e
14d e r i v a t i v e  of volatile C - l a b e l e d  compound on 500 um 
silica gel plates*
Rf in solvent system*
compound A B C
Volat i l e  ^ C - c o m p o u n d .64 .60 .93
f o r m a l d e h y d e .63 .61 .92
A- c h l o r o f o r m - a c e t o n e  
O  c h l o r o f o r m  diethyl
(9:1 v/v); B* benzene; 









g l y p h o s a t e
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20 g lyc ine
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F R A C T I O N  (ML)
Fig. 8 . Fractionation of t r i chloroacetic acid
extract from PG2982 cells incubated with 
14[1,2- Cjgl y p h o s a t e  for 1 hr. The extract 
was injected into a Beckman 120C amino acid 
analyzer and fr a c t i o n s  (1 ml) were collected 
d i r ectly from the ion-exchange column 
(Wl type resin) of the analyzer. The peak 
represented by fractions 5-6 is 
[ 3 - ^ C ) glyphosate , and the later peak 
(fractions 17-18) is [ ^ C j g l y c l n e .
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TABLE 7. T h i n - l a y e r  c h r o m a t o g r a p h y  on 100 urn 
cellulose plates of r a d i o a c t i v e  peaks I and II obtained
14
from PG2982 cells pulsed with [1*2- C ] g l y p h o s a t e •
sample
Rf in solvent s y s t e m 8
A B C D E
G l yphosate .33 .38 . 2 0 .30 .27
Glycine .38 .56 .37 .39 .34
Peak 1 .31 .36 . 2 0 .28 .27
Peak II .37 .55 .36 .37 .32
a A- m e t h a n o l - p y r i d i n e - h y d r o c h l o r i c  a c id-water 
( 80:20:2:18 v/v/v/v); B- e t h a n o l - w a t e r - 1 7  N a m m o n i u m  
h y d r o x i d e - t r i c h l o r o a c e t i c  acid-15 N acetic acid 
( 5 5 : 3 5 : 2 * 5 : 3 . 5 : 2  v/v/v/w/v); C* i s o p r o p a n o l - f o r m i c  
a c i d - w a t e r  (20:1:5 v/v/v); D- s e c - b u t a n o l - f o r m i c  
a c i d - w a t e r  ( 7 0 :10:20 v / v / v ) ; E -  n - b u t a n o l - a c e t i c  









14 14 _Fig. 9. COj prod u c t i o n  from [ C]formate ( 0 )
and [ ̂ C ]  formaldehyde (fl) by PG2982 cells.
Mid-log p h a s e  PG2982 c e l l B  growing in
glyph o s a t e  broth were h a rvested by
c e n t r i f u g a t i o n , washed, and assayed for the 
14p r o d u c t i o n  of COj.
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Sarcosine o x i d a t i o n  enzyme assays
P G2982 can util i z e  sar c o s i n e  as a sole source of 
n i t r o g e n  In a defi n e d  m i n i m a l  m e d i u m  (Figure 1 0 ) tand 
there is a sar c o s i n e  d e g r a d i n g  a c t i v i t y  pres e n t  in 
c rude e x t r a c t s  p r e p a r e d  f rom cells g r o w n  on g l yphosate 
as the sole p h o s p h o r u s  source (Table 8 ). G l y c i n e  and 
for m a l d e h y d e  are the p r o d u c t s  of this reaction, with 
one mole of glycine p r o d u c e d  per mole of sarcosine 
u tilized. This enzyme remains active a fter dialysis 
ove r n i g h t  in 50 mM T r i s - H C l  buffer (pH 7.0) and does 
not require the a d d i t i o n  of cof a c t o r s  or coe n z y m e s  for 
activity. Table 9 shows that the sar c o s i n e  o x idizing  
a c t i v i t y  is a p p r o x i m a t e l y  6 times g r e a t e r  in cells 
g rown with g l y p h o s a t e  as a p h o s p h o r u s  source than in 
cells u t i l i z i n g  i n o rganic ph o s p h a t e  as a phosphorus 
source. PG2982 cells u t i l i z i n g  s a rcosine as a sole 
source of n i t r o g e n  had the high e s t  sar c o s i n e  oxidase 
activity.
D I S C U S S I O N
The results of this report indicate that 












Fig* 10* Gr o w t h  ( of PG2982 in media c ontaining 
s ar c o s i n e  as the sole nitrogen source and 
the d l s s a p p e a r a n c e  ( ■ )  of sarcosine.
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T A B L E  8. S a r cosine oxid a s e  a c t i v i t y  In PG2982 
cells g r o w n  w i t h  sa r c o s i n e  as the n i t r o g e n  source and 
g l y p h o s a t e  as the p h o s p h o r u s  source*
a c t i v i t y
assay c o n d i t i o n s  (nmoles m i n ” * mg * protein)
Enzyme 0
Enzyme, s a rcosine 3*1
Enzyme (dialyzed), 3*6
s a r cosine
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T A B L E  9. C o m p a r i s o n  of sar c o s i n e  o x i d a s e  enzyme 
a c t i v i t i e s  fro m  PG2982 cells g r o w n  in the presence of 
s a r c o s i n e , g l y p h o s a t e , or ino r g a n i c  phosphate.
G r o w t h  m e d i u m
A c t i v i t y  
(nmol m i n  1 m g -1 protein)
gS a rcosine 4.88
G l y p h o s a t e ^ 1.84
Ino r g a n i c  p h osphate 0.30
a 30 mM s a rcosine as the n i t r o g e n  source and 1 mM 
g l y p h o s a t e  as the p h o s p h o r u s  source.
k 1 m M  g l y p h o s a t e  as the p h o s p h o r u s  source and 30 mM 
(NH^)SO^ as the n i t r o g e n  source (glyphosate broth).
c 1 mM K g H P O ^  as the p h o s p h o r u s  source and 30 m M  
(NH^)SO^ as the n i t r o g e n  source
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(C-P) bond of g lyphosate, res u l t i n g  In the release of a 
p h o s p h a t e  group and a m o l e c u l e  of sa r c o s i n e  (Figure
11). The s a rcosine Is cleaved by a sar c o s i n e  o x i d i z i n g  
enzyme pres e n t  In P62982 to glycine and formaldehyde,  
and this glyc i n e  Is used for the b i o s y n t h e s i s  of 
p r o teins and purine bases. A p p r o x i m a t e l y  50Z of the 
fo r m a ldehyde deri v e d  from g l y p h o s a t e  c a t a b o l i s m  enters 
into t e t r a h y d r o f o l a t e  m e d i a t e d  reactions, while the 
other 50Z is oxidized to COj.
E v i d e n c e  for cleavage of the C-P bond in
g l y p h o s a t e  by PG2982 in i t i a l l y  came from
r a d i o r e s p i r o m e t r y  studies per f o r m e d  in this lab (J.K.
Moore, Mast e r s  thesis, Lou i s i a n a  State U niversity,
Baton Rouge, 1983). These studies, along with
r a d i o r e s p i r o m e t r y  data from this report, show that the
C-P bond carbon of g l y p h o s a t e  is oxidized to COj as the
o r g a n i s m  utili z e s  g l y p h o s a t e  as a sole source of
phosphorus. However, the d i s t r i b u t i o n  of
14[3- C ] g l y p h o s a t e  into vari o u s  m o l e c u l a r  fractions of 
PG2982 indicate that the C3 carbon is not i n i tially  
released from g l y p h o s a t e  as COj* In order for
r a d i o a c t i v i t y  from [3 - * ^ C ] g l y p h o s a t e  to be d i s t r i b u t e d  
into all of the c e l lular fractions e x a mined by the
m o d i f i e d  R o b ert's technique, the C3 carbon of
g l y p h o s a t e  must s o m e h o w  be c o nverted to a form w h i c h  
can react with t e t r a h y d r o f o l a t e • This coenzyme is
P I  o ,
9  *? ?  ?  S  . t  H H H O  I H H O  O
H O - ^ - C - N - C - C - O H  — —-  H - C - N - C - C - O H  — —  H - N - C - C - O H  +  H - C - H
° H H H H O  M ”  ”
O ly p h o M l*  * w r c M l n e  B«ycine  l o r m . I C h y d e
C O ,  +  H , 0
Fig. 11. Proposed pathway for glyphosate d egradation 
by Pseudomonas sp. PG2982.
53
respon s i b l e  for the transfer of s i n g l e - c a r b o n  compounds
in a v a r i e t y  of c e l l u l a r  r e actions such as the addition
of carbons 2 and 8 to the purine ring and bio s y n t h e s i s
of the a m i n o  acids m e t h i o n i n e  and serine. For m a l d e h y d e
and formate are s i n g l e - c a r b o n  compounds w h i c h  can react
w i t h  t e t r a h y d r o f o l a t e , and bot h  of these com p o u n d s  can
be oxidized to CC^ by P62982. Our evidence indicates
that C3 of g l y p h o s a t e  is relea s e d  as a f o r m a ldehyde
14mo l e c u l e  w h e n  [3- C ] s a r c o s i n e  d e r i v e d  from 
[3 - * * C ] g l y p h o s a t e  is cleaved by the sa r c o s i n e  oxidizing 
enzyme of PG2982. This f o r m a l d e h y d e  can then react 
with t e t r a h y d r o f o l a t e  to be used for the bios y n t h e s i s  
of m e t h i o n i n e  and serine (Table 3) as well as adenine, 
guanine, and thymine (Table 2). A p p r o x i m a t e l y  502 of 
this f o r m a l d e y d e  is oxidized to COg.
He do not k n o w  at this time w h e t h e r  formaldehyde 
is converted to formate before being o x i d i z e d  to COj. 
H owever, if this were the case formate could still 
react w i t h  t e t r a h y d r o f o l a t e  and also be oxidized to 
COj. The d i s t r i b u t i o n  of r a d i o a c t i v i t y  into m o l ecular 
fractions of PG2982 w ould be similiar u n d e r  these 
c o n d i t i o n s ■
PG2982 did not oxidize Cl or C2 of g l y p h o s a t e  to 
C(>2 * This was not the case for soil m i c r o o r g a n i s m s  as 
r eported by Ruep p e l  et al. (46). They found that
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the m i c r o f l o r a  f rom a vari e t y  of aoil types o x i dised up 
to 50% of Cl and C2 of g l y p h o s a t e  in 28 days. A l t h o u g h  
no Cl a n d / o r  C2 c o n t a i n i n g  i n t e r m e d i a t e s  w e r e  found in 
these soil samples, it was sug g e s t e d  that g l y p h o s a t e  
was being d e g r a d e d  to glyoxy l a t e .  G l y o x y l a t e  can be 
readily m e t a b o l i s e d  to C O 2 via the g l y o x y l a t e  and 
citric acid cycles (34).
14The d i s t r i b u t i o n  of [1,2** C ] g l y p h o s a t e  in PG2982
cells a fter f r a c t i o n a t i o n  by the m o d i f i e d  R o b e r t ' s
technique was very s i m iliar to that found by J acob et
13al. (26) in their study u sing [1- C ]g l y p h o s a t e . We
found that p r o t e i n s  and cell w all m a t e r i a l  received
a p p r o x i m a t e l y  70% of the label, and that the amino 
acids glycine and serine con t a i n e d  most of the 
r a d ioactivity. Analysis of the n u c l e i c  acid bases 
revealed that only the purines were labeled, w h i c h  is 
e x a c t l y  what Jacob et al. (26) found in their study. 
Glycine co n t r i b u t e s  to purine b i o s y n t h e s i s  by p r o v i d i n g  
carbons 4 and 5 as well as the n i t r o g e n  at p o s i t i o n  7 
of the purine ring (35). A l t h o u g h  we did not d e t e r m i n e  
the p o s i t i o n  of the label in the purine bases, the 
absence of r a d i o a c t i v i t y  in the p y r i m i d i n e  bases along 
w i t h  the ex t e n s i v e  l a b eling of glyc i n e  and serine 
residues in p r o t e i n s  of PG2982 supported a p a t h w a y  of 
glyph o s a t e  m e t a b o l i s m  in w h i c h  the g l y c i n e  m o i e t y  is 
released intact f r o m  the g l y p h o s a t e  mo l e c u l e .  This
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14path w a y  was c o nfirmed by the I s o l a t i o n  of [ Iglyclne
from PG2982 cells w h i c h  were m e t a b o l i z i n g  
13[1,2*** Clglyphosate.
Jacob et al* have p u b l i s h e d  the only other report
in w h i c h  g l y p h o s a t e  m e t a b o l i s m  by PG2982 has been
I n v e s t i g a t e d  (26). They p e r f o r m e d  s o l i d - s t a t e  NMR
e x p e r i m e n t s  in order to d e t e r m i n e  the u l t i m a t e  fate of
the carbon and n i t r o g e n  atoms of g l y p h o s a t e  in PG2982
cells* These i n v e s t i g a t o r s  have p r o posed a p a t h w a y  for
g l y p h o s a t e  d e g r a d a t i o n  in w h i c h  g l y p h o s a t e  is cleaved
d i r e c t l y  to glycine. H o w e v e r ,  since no i n t e r m e d i a t e s
were found in their study, Jacob et al. could not
d e t e r m i n e  the prod u c t  of the first step in the
m e t a b o l i s m  of gl y p h o s a t e .  Based on the i s o l a t i o n  of 
14[3- C ] s a r cosine, the p r e s e n c e  of a s a r c o s i n e  o x idizing 
a c t i v i t y  in crude e x t r a c t s  of PG2982, and the labeling 
p atterns obtained by this lab, we propose that C-P bond 
c leavage is the first step in the d e g r a d a t i o n  of 
g l y p h o s a t e  by PG2982. This results in c l e a v a g e  of 
glyp h o s a t e  d i r e c t l y  to sarcosine, w h i c h  is then 
d e g raded to f o r m a l d e h y d e  and glycine. The a b i l i t y  of 
PG2982 to oxidize f o r m a l d e h y d e  and formate to COj lend 
support to our p r o p o s e d  pathway. Studies w i t h  soil and 
sewage m i c r o o r g a n i s m s  have shown that
a m i n o m e t h y l p h o 8 p h o n i c  acid, not sarcosine, is the m ajor 
m e t a b o l i c  i n t e r m e d i a t e  of g l y p h o s a t e  d e g r a d a t i o n  in
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those e n v i r o n m e n t s  (4,46,57). T h e r e f o r e  it appears
that the g l y p h o s a t e  d e g r a d a t i o n  p a t h w a y  used by PG2982
is unique to this pure culture.
The s u c c e s s f u l  i s o l a t i o n  of [3-*^ C ] s a r c o s i n e  as an
i n t e r mediate in the d e g r a d a t i o n  of g l y p h o s a t e  by PG2982
required the a d d i t i o n  of u n l a b e l e d  s a r cosine to the
r e s u s p e n s i o n  medium. This technique is similiar to the
pulse chase e x p e r i m e n t s  used to study m e tabolic
pathways in w h i c h  the c o n c e n t r a t i o n  of i n t e r m e d i a t e s  is
low. In our study, the h i g h  c o n c e n t r a t i o n  of sarcosine
in the r e s u s p e n s i o n  m e d i u m  served to increase the
c o n c e n t r a t i o n  of s a rcosine in the c e l l u l a r  pool. This
presumably resulted in an intracellular sarcoBine
c o n c e n t r a t i o n  that was high en o u g h  to prevent the
14m e t a b o l i s m  of all the [3— C ] g l y p h o s a t e  derived from 
14[3- C ] 8 a r cosine. Likewise, the- d e t e c t i o n  of
14[ Cjg l y c i n e  as an i n t e r m e d i a t e  required the presence
of an i n h i b i t o r  of p r o t e i n  synthesis, chlora m p h e n i c o l ,
14in order to a l l o w  [ Cjg l y c i n e  deri v e d  from 
14[1,2- C j g l y p h o s a t e  m e t a b o l i s m  to accumulate to 
d e t e c t a b l e  levels. W i t h o u t  c h l o r a m p h e n i c o l ,  protein 
synthesis dec r e a s e d  the i n t r a c e l l u l a r  pool of glycine 
b elow a d e t e c t a b l e  level.
Tsuru et al. found that s a rcosine d e h y d r o g e n a s e  
(EC 1.5.99.1) a c t i v i t y  in P. putida w a s  induced by 
sarcosine, betaine, or d i m e t h y l g l y c i n e  (58). Sarcosine
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oxi d a t i o n  by P62982 appe a r s  to be reg u l a t e d  by 
sarcosine levels in the cell (Table 9). Celia growing 
on a m m o n i u m  salts and i n o r g a n i c  p h o s p h a t e  have a very 
low level of sar c o s i n e  oxidase a c itivity. But when 
g l y p h o s a t e  replaces ino r g a n i c  p h o s p h a t e  as a p h o s p h o r u s  
source, the sarcosine oxidase levels are inc r e a s e d  over 
6 fold* G l y p h o s a t e  m e t a b o l i s m  p r o d u c e s  sarcosine as an 
intermediate, and this sar c o s i n e  serves to stimulate 
s arcosine oxidase activity. The high levels of 
sarcosine oxidase a c t i v i t y  (Table 9) m e a s u r e d  in PG2982 
cells u t i l i z i n g  sar c o s i n e  as a n i t r o g e n  source and 
g l y p h o s a t e  as a p h o s p h o r u s  source support our 
h y p o t h e s i s  that sarcosine plays a role in regul a t i n g 
its own degradation.
We suggest that the s a rcosine d e g r a d i n g  a c t ivity 
in PG2982 is due to the enzyme sar c o s i n e  oxidase 
( s a r c o s i n e t o x y g e n  o x i d o r e d u c t a s e  [ d e m e t h y l a t i n g ] E C  
1.5.3.1). The other sar c o s i n e  d e g r a d i n g  enzyme, 
sarcosine d e h y d r o g e n a s e  (EC 1.5.99.1), requires an 
e l e c t r o n  acceptor for m a x i m a l  a c t i v i t y  (42). Table 8 
ahows that the sarcosine d e g r a d i n g  a c t i v i t y  from PG2982 
does not require an e l e c t r o n  a c c e p t o r  and is not 
d ec r e a s e d  a fter an ove r n i g h t  d i a l y s i s -  a t r eatment that 
removes loosely bound cof a c t o r s  w ith a m o l e c u l a r  weight 
of less than 10,000.
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PG2982 cells prefer u sing Ino r g a n i c  phosphate over 
g l y p h o s a t e  as a source of p h o s p h o r u s  (Figure 5). This 
p r e f e r e n c e  for Ino r g a n i c  pho s p h a t e  was also reported 
for a Bacillus cereus strain w h i c h  was g r o w n  In a 
m e d i u m  c o n t a i n i n g  Ino r g a n i c  pho s p h a t e  and
a m l n o e t h y l p h o s p h o n a t e  (44)* The m e t a b o l i s m  of
glyp h o s a t e  by FG2982 Is I n hibited by inorganic 
p h o s p h a t e  at the transport level, a p h e n o m e n o m  that has 
b een reported before in studies with PG2982 (J. K.
Moore, M a s t e r s  thesis, L o u i s i a n a  State University,  
Baton Rouge, LA)* However, the a d d i t i o n  of inorganic 
pho s p h a t e  does not i m m e d i a t e l y  inhibit the o x i d a t i o n  of 
C3 of g l y p h o s a t e  to COg (Figure 6). Instead, there is 
a d e c rease in COj p r o d u c t i o n  as the cells oxidize 
i n t r a c e l l u l a r  glyph o s a t e  via the pathway d e s c r i b e d  in 
Figure 11. Moore has s u g gested that inorganic 
ph osphate inhibits g l y p h o s a t e  transport because both 
co mpounds are t ransported by the same p h o s p h a t e  uptake 
sy s t e m  (J. K. Moore, M a s t e r s  thesis, L o u i s i a n a  State 
U n i v e r s i t y ,  Baton Rouge, LA). The transport sys t e m  for 
a m l n o e t h y l p h o s p h o n a t e  (AEPn) is induced by AEP n  but is 
not inh i b i t e d  by i n organic p h osphate (44). However, 
inorganic ph o s p h a t e  does suppress the ind u c t i o n  of the 
AEPn transport system (44). Leifer et al. have 
reported that 3 , 4 - d i h y d r o x y b u t y l - l - p h o s p h o n a t e  (DHBP), 
an a n a logue of g l y c e r o l - 3 - p h o s p h a t e ,  is a c t i v e l y
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transp o r t e d  by the s n - g l y c e r o l - 3 - p h o s p h a t e  transport  
s y s t e m  of E. coll st r a i n  8 (36). A s e p a r a t e  atudy by
H o l d e n  et al. p r o d u c e d  a mu t a n t  strain of S t r e p t o c o c c u s  
faecalis whose i n a b i l i t y  to tr a n s p o r t  2 - a m i n o - 3 -  
p h o s p h o n o p r o p i o n i c  acid (AFP) was linked to an 
i n e f f e c t i v e  d i c a r b o x y l i c  amino acid t r a nsport system 
(24). A d d i t i o n a l  studies with transport muta n t s  of 
PG2982 are ne e d e d  to d e t e r m i n e  w h i c h  tr a n s p o r t  system 
the cell uses to take up glyphosate.




I N T R O D U C T I O N
P h o s p h o n a t e a  are a class of orga n i c  p h o s p h o r u s  
co m p o u n d s  w h i c h  possess a c a r b o n - p h o s p h o r u s  (C-P) bond. 
This C-P bond Is resistant to c h e m i c a l  h ydrolysis, 
thermal d e c o m p o s i t i o n ,  and p h o t o l y s i s  (17). The most 
p r o m i n e n t  n a t u r a l l y  o c c u r r i n g  o r g a n o p h o s p h o n a t e , 
2 - a m i n o e t h y l p h o s p h o n a t e  (2-AEPn), was o r i g i n a l l y  
I d e n t i f i e d  In the m e m b r a n e  lipid of r umen p r o t o z o a  
(21).
R e s e a r c h  i n v olving the m e t a b o l i s m  of synthetic 
p h o s p h o n a t e s  by m i c r o o r g a n i s m s  has i n t e n s i f i e d  in 
recent years because of their ex t e n s i v e  use as 
a n t i b iotics, h erbicides, and adh e s i v e s  (21). A l t h o u g h  
these m e t a b o l i c  studies have shown that many bacteria 
are capable of u t i l i z i n g  p h o s p h o n a t e s  as sole 
phos p h o r u s  sources, La Nauze et al. (32) have provided 
the only report in w h i c h  a " p h o s p h o n a t a s e "  enzyme 
capable of c l e aving the C-P bond has been p u r i f i e d  and 
ch a racterized.
In a previous report, M oore et al. (39) 
c h a r a c t e r i z e d  a strain of b a c teria i s o lated from a 
stock culutre of P s e u d o m o n a s  a e r u g i n o s a  ATC C  9027 w h i c h  
ut i l i z e s  the p h o s p h o n a t e  h e r b i c i d e  glyph o s a t e  
[ N - ( p h o s p h o n o m e t h y l ) g l y c i n e )  as a sole phosp h o r u s  
source. In their report, Moore et al. (39) als o  showed
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that this organism, d e s i g n a t e d  PG2982, could util i z e  
a m i n o m e t h y l p h o s p h o n a t e  (AMPn) as a sole p h o s p h o r u s  
source w i t h  a g r o w t h  rate slightly slower than that 
obtained on glyphosate. A l t h o u g h  g l y p h o s a t e  is
comp l e t e l y  d e g raded by m i c r o b e s  in the soil (41,46), 
PG2982 r e presents one of two pure c u l t u r e s  of b a c teria  
that have b een shown to degr a d e  glypho s a t e *  The other 
isolate, a P l a v o b a c t e r i u m  species, was recently 
des c r i b e d  by Ba l t h a z o r  and Hallas (4).
The present study was designed to d e termine 
w h e t h e r  PG2982 could u t i l i z e  p h o s p h o n a t e  compounds 
other than g l y p h o s a t e  and A MPn as sole sources of 
phosphorus. The e f f i c i e n c y  of u t i l i z a t i o n  of 10 
or g a n o p h o s p h o n a t e  c o mpounds was de t e r m i n e d .  In
addition, d e g r a d a t i o n  p r o ducts from the m e t a b o l i s m  of 
two p h o s p h o n a t e s  were identified. The data indicates 
that PG2982 can degrade a w i d e r  range of str u c t u r a l l y  
dif f e r e n t  p h o s p h o n a t e s  than any o r g a n i s m  d e s c r i b e d  to 
d a t e .
M A T E R I A L S  AND M E T H O D S
Or g a n i s m  and culture c o n d i t i o n s . The glyph o s a t e  
deg r a d i n g  P s e u d o m o n a s  sp. strain PG2982 use d  in the 
present study was isolated and p a r t i a l l y  c h a r a c t e r i z e d
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in a p r e v i o u s  report (39)* The m e d i u m  used for the 
m a i n t e n a n c e  and gr o w t h  of PG2982 was also de s c r i b e d  in 
that report (39). For g r o w t h  studies, p h o s p h o n a t e s  
were added to a c o n c e n t r a t i o n  of 0.5 mM as the sole 
p h o s p h o r u s  source, and all m e d i a  were adjusted to pH 
7.5 before autoclaving. The cultures (50 ml),
contained in 300-ml s i d e - a r m  flasks, were inoculated  
(IX, v o l /vol) with a culture of PG2982 g rown on the 
phosph o n a t e  compound to be tested and incubated at 30°C 
on an orbital shaker (300 rpm). A fter 48 h, samples 
were assayed for turbidity ( K l e t t - S u m m e r s o n  
colorimeter, red f i l t e r - 6 6 0 n m ) , p r o t e i n  (37), 
e x t r a c e l l u l a r  Pi, and total phosphorus. A culture with 
Pi as phosp h o r u s  source served as a control. Sterile 
controls assayed for Pi before a u t o c l a v i n g  and at the 
end of the experiment confirmed that there was not any 
n o n b i o l o g i c a l  bre a k d o w n  to Pi.
For the d e g r a d a t i o n  studies, cultu r e s  were grown 
in 120 ml rubber septum sealed serum bottles c ontaining 
5 ml of Dw o r k i n - F o s t e r  salt solution (39) and various 
co n c e n t r a t i o n s  of Bterile phosphonate. A 100 ul 
i n o c u l u m  was provided by a PG2982 culture p r e g r o w n  on 
either m e t h y l p h o s p h o n a t e  or phen y l p h o s p h o n a t e .  These 
cultures were incubated for 3 days at 30°C on an 
orbital shaker (250 rpm).
64
I d e n t i f i c a t i o n  of p h o s p h o n a t e  d e g r a d a t i o n  p r o d u c t s .
The h e a d s p a c e  of e ach s erum bottle was sampled with a 
gas tight syringe (Prec i s i o n  S a m pling Corp., Baton 
Rouge, LA) and injec t e d  into a Pe r k i n  E l m e r  3 920B gas 
c hromat o g r a p h .  Culture fluid was assa y e d  by
c e n t r i f u g i n g  0.1 ml at 8,740 x g for 10 min and 
i nj e c t i n g  10 ul of the clear supern a t a n t  into the gas 
c homa t o g r a p h .  Sepa r a t i o n  of p h o s p h o n a t e  d e g r a d a t i o n  
products was achieved on a stainless steel Pora p a k  N 
column (6'x 1/8", Teklab). For the d e t e c t i o n  of
benzene, the carrier gas was h e l i u m  (35 ml/min) and the 
oven t e m p e r a t u r e  was set at 180°C. Standards were 
prepared by adding a 1 ul of 100% benzene to a 120 ml 
serum bottle, sealing it, and a l l owing the benzene to 
v o l a t i l i z e  into the headspace. For the d e t e c t i o n  of 
methane, the P o r a p a k  N column was heated to 55°C using 
the same carr i e r  gas and flow rate for benzene 
analysis. The m e t h a n e  standard was p r e pared by adding 
100% m e t h a n e  gas to a 120 ml s erum bottle w i t h  a gas 
tight syringe.
A n a l y t i c a l  m e t h o d s . Glyp h o s a t e  and other amine
co n t a i n i n g  p h o s p h o n a t e s  w ere m e a s u r e d  wit h  a Beckman  
120C a mino acid a n a l y z e r  as des c r i b e d  by H oore et al. 
(39). Cell p r o t e i n  at zero time was c a l c u l a t e d  from 
the c o r r e s p o n d i n g  va l u e s  in the culture used for 
i n o c u l a t i o n  by the method of L owry et al. (37).
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Ino r g a n i c  pho s p h a t e  (2) and total p h o s p h o r u s  (10) were 
a s s a y e d  in the e x t r a c e l l u l a r  fluid o b t a i n e d  after 
c e n t r i f u g a t i o n  at 8,740 x g in a Beck m a n  m i crofuge. 
E n s y m e  a s s a y s . Crude c e l l - f r e e  extracts w e r e  prepared 
f rom wa s h e d  PG2982 cells g r o w n  on either 
m e t h y l p h o s p h o n a t e , p h e n y l p h o s p h o n a t e , or g l y p h o s a t e  as 
the sole p h o s p h o r u s  source* Two liters of cellB were 
c e n t r i f u g e d  at 12000 x g and washed twice with 
D w o r k i n - F o s t e r  salts s o l u t i o n  (39) before r e s u s p e n s i o n  
in 50 mM Tris- H C L  buffer (pH 7.0)* The cells were 
broken by a single pass through a Fr e n c h  P r e ssure cell 
under 20,000 lbs p r e s s u r e  and c e n t r i f u g e d  at 20000 x g 
(4°C) for 20 min to s e d i m e n t  u n b r o k e n  cells and cell
wall material. The s u p e r n a t a n t  was col l e c t e d  and kept 
on ice until the assays were run (always w i t h i n  30
min). The assay for eit h e r  m e t h y l p h o s p h o n a t e  or
p h e n y l p h o s p h o n a t e  d e g r a d a t i o n  was as follows: porti o n s
of the crude extract (0.1 to 5 ml con t a i n e d  in 60 ml 
s erum bottles) were added to 50 mM Tris-HCl buffer (pH 
7.0) and supp l e m e n t e d  w i t h  a final p h o s p h o n a t e  
c o n c e n t r a t i o n  ranging from 0.05 to 100 mM. The serum 
bottles w ere then sealed and incubated at 32°C for up 
to 24 hr. Samples of the h e a d s p a c e  were removed
p e r i o d i c a l l y  and s u bjected to gas c h r o m a t o g r a p h i c  
a n a l y s i s  as d e s c r i b e d  above. The assay for glyph o s a t e 
d e g r a d a t i o n  waB the same except that a c t ivity was
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m o n i t o r e d  by sampl i n g  the s u s p e n s i o n  for g l yphosate 
d i s s a p p e a r a n c e  a c c o r d i n g  to the m e t h o d  d e s c r i b e d  by 
Moore et al. (39).
RESU L T S
U t i l i z a t i o n  of p h o s p h o n a t e s
Table 1 lists dat a  showing the u t i l i z a t i o n  
e f f i c i e n c y  of 10 d i f f e r e n t  o r g a n o p h o s p h o n a t e  compounds 
by F62982. PG2982 u t i l i z e d  100X of the Pi and produced
1.40 kg of p r o t e i n  per mol of p h o s p h o r u s  consumed. 
P h o s p h o n a t e s  w h i c h  were 100% u t i l i z e d  after 2 days of 
i n c u b a t i o n  included g l y p h o s a t e ,  a m i n o m e t h y l p h o s p h o n a t e , 
2 - a m i n o e t h y l p h o s p h o n a t e , 3 - a m i n o p r o p y l p h o s p h o n a t e  ,
p h o s p h o n o a c e t a t e , and 2 - c a r b o x y e t h y l p h o s p h o n a t e .  This 
o r g a n i s m  u t i l i z e d  g l y p h o s a t e  and AMPn as e f f i c i e n t l y  as 
Pi, w h e r e a s  2-AEPn, 3 - a m i n o p r o p y l p h o s p h o n a t e ,
2- c a r b o x y e t h y l p h o s p h o n a t e ,  p h e n y l p h o s p h o n a t e ,  and 
p h o s p h o n o a c e t a t e  u t i l i z a t i o n  was more efficient. The 
final Pi and final p h o s p h o n a t e  c o n c e n t r a t i o n s  were 
about equal a fter 2 days of incubation.
U t i l i z a t i o n  of 1 - a m i n o b u t y l p h o s p h o n a t e  was not as 
e f f i c i e n t  as the other o r g a n o p h o s p h o n a t e s , res u l t i n g  in 
the p r o d u c t i o n  of only 1.10 kg of p r o t e i n  per mol of 
p h o s p h o r u s  consumed. L o n g e r  i n c u b a t i o n  (4 days) 

















Pi 0 0 505 0 702 1.39
Clyphoaata 507 0 0 0 702 1.40
MiPn 501 0 5 1 714 1.41
1-MEPn 475 393 10 0 40 0.43
l~AEPn 475 94 10 0 354 0.91
3-ACPft 512 0 2 0 740 1.44
3-APPn 493 0 0 0 710 1.44
509 71 4 6 482 1.11
l~ABPn 509 0 4 2 577 1.13
PnF 500 275 a 0 74 0.32
PnF 500 0 a 0 4B2 0.95
Pnte 491 0 5 < 2 744 1.51
2-CEPn 520 2 2 0 772 1*48
Phenyl Pn 512 4 1 B 772 1.54
■ - MbnvUtloati Pi - inorganic phosphatat MPa - —I nil thy lphoiphonat.) 1-AEPn - 1-aaUno.thylphosphonat.i 
2-AEPn - 2~«Bi>MMthy lphosphona t*j 3-APPn - 3-—i nop ropy iphoophonata; 1-APPn - 1-amlnobotylpho.phonat.j PnF - 
phoiphonofonatai PnAc - phoapttonoacatataj 2-CEPn - 2~carboxy*thylphoapbofiatai PhtnylPn “ phanylphoaphonata.
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did not increase. P h o s p h o n o f o r m a t e  (PnF) and 1-AEPn 
did not support m u c h  growth, as shown by the low 
prot e i n  p r o d u c t i o n  in Table 1. A fter 2 days, only 45 X 
of the PnF and 17Z of the 1-AEPn had bee n  u t i l i z e d  by 
PG2982, but if g r o w t h  was allo w e d  to continue for an 
a d d i t i o n a l  2 days, PnF was 100Z u t i l i z e d  and 1-AEPn was 
80Z utilized. A l t h o u g h  the u t i l i z a t i o n  e f f i c i e n c y  for 
PnF and 1-AEPn inc r e a s e d  two to three-fold during the 
a d d i t i o n a l  2-day i n c u b a t i o n  time, their values never 
a p p r o a c h e d  those of the other p h o s p h o n a t e s  (Table 1). 
D e g r a d a t i o n  p r o ducts fro m  p h o s p h o n a t e  m e t a b o l i s m
Gas c h r o m a t o g r a p h i c  analysis of the h e a d s p a c e  from 
a PG2982 culture u t i l i z i n g  p h e n y l p h o s p h o n a t e  as a sole 
p h o s p h o r u s  source yiel d e d  a peak w h i c h  eluted from the 
column at 15 min. This compo u n d  comi g r a t e d  with 
a u t h e n t i c  benzene through the Pora p a k  N column, leading 
to the i d e n t i f i c a t i o n  of this v o l atile prod u c t  of 
p h e n y l p h o s p h o n a t e  d e g r a d a t i o n  as benzene.
Table 2 shows that ne a r l y  s t o i c h i o m e t r i c  amounts 
of benzene are p r o d u c e d  from p h e n y l p h o s p h o n a t e  
d e g r a d a t i o n .  Meth a n e  was d e t e c t e d  in the h e a d s p a c e  of 
PG2982 c u l tures d e g r a d i n g  m e t h y l p h o s p h o n a t e  (Table 2). 
Like benzene, methane was produced in nearly 
s t o i c h i o m e t r i c  amounts.
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Table 2. P r o d u c t i o n  of benz e n e  and meth a n e  from 
p h o s p h o n a t e s  by PG2982.
p h o s p h o r u s
source
p h o s p h o r u s
supplied
(umol)
prod u c t  formed (umol)
benzene me thane
P h e n y l p h o s p h o n a t e














Enzyme a ssay for C-P bond c l e a v a g e . No enzyme
ac t i v i t y  capable of c l e a v i n g  the C-P bond was found in 
e x t racts p r e p a r e d  from either m e t h y l p h o s p h o n a t e , 
p h e n y l p h o s p h o n a t e , or g l y p h o s a t e  g r o w n  cells. The 
a d d i t i o n  of v a r i o u s  c o f a c t o r s  and c o e n z y m e s  did not 
produce any a c t i v i t y  either, and pH ranges from 4 to 10 
were not helpful.
DI S C U S S I O N
Moore et al. (39) showed that PG2982 can utilize 
AMPn as a p h o s p h o r u s  source wit h  a g r o w t h  rate simlliar 
to that obtained on g lyphosate. The p r o d u c t i o n  of 
equi v a l e n t  amounts of p r o t e i n  by PG2982 in this study 
after 48 h of g r o w t h  on these two p h o s p h o n a t e s  
corr e l a t e s  well w i t h  their findings. The p h o s p h o n a t e s 
w h i c h  were u t i l i z e d  more e f f i c i e n t l y  than g l yphosate 
and Pi (2-AEPn, 3-APPn, 2-CEPn, p h e n y l p h o s p h o n a t e ,  and 
p h o s p h o n o a c e t a t e )  do not have m u c h  in common 
structurally. This makes it dif f i c u l t  to d e t e r m i n e  why 
these p h o s p h o n a t e s  are u t i l i z e d  more e f f i c i e n t l y  by 
PG2982. It is p o s s i b l e  that the d e g r a d a t i o n  products 
f rom e a c h  of these p h o s p h o n a t e s  could ei t h e r  inhibit or 
s t imulate the g r o w t h  of this organism. For example, if 
acetate were the product of p h o s p h o n o a c e t a t e
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d e g r a d a t i o n ,  g r o w t h  could be s t i m u l a t e d  due to 
u t i l i s a t i o n  of the acetate* The five p h o s p h o n a t e s  in 
Table 1 w h i c h  were u t i l i z e d  more e f f i c i e n t l y  than Pi 
and g l y p h o s a t e  were c o m p l e t e l y  utilized. In a d d i t i o n  
the final c o n c e n t r a t i o n s  of Pi, g l y p h o s a t e ,  and these 
five p h o s p h o n a t e s  were about equal after 2 days 
incubation. This result i n dicates that the five 
p h o s p h o n a t e s  were t r a n s p o r t e d  as e f f i c i e n t l y  as 
g l y p h o s a t e  and Pi.
It is si g n i f i c a n t  that PG2982, like m a n y  other 
o rgan i s m s ,  is capable of u t i l i z i n g  2- A E P n  as a 
p h o s p h o r u s  source. This compound is u t i l i z e d  by all 
b a c t e r i a  that are capa b l e  of p h o s p h o n a t e  d e g r a d a t i o n  
(23), and the p r e v a l e n c e  of 2-AEPn in the e n v i r o n m e n t  
p r e s u m a b l y  c o n t r i b u t e s  to this ubiqu i t o u s  degr a d a t i o n .
T here has been a report by Cook et al. 
d e s c r i b i n g  a P . putida strain w h i c h  can u t i l i z e  A EPn as 
a source of carbon, nitrogen, and p h o s p h o r u s  (9), and 
some o r g a n i s m s  can use AEP n  as a sole source of 
n i t r o g e n  and p h o s p h o r u s  (50). PG2982 failed to utilize
any of the 10 p h o s p h o n a t e s  listed in Table 1 as a sole 
source of c a r b o n  or nitrogen. These c o m p o u n d s  also 
failed to support g r o w t h  w h e n  acting as a source of 
n i t r o g e n  and p h o s p h o r u s .  Since Pi i n h ibits the 
t r ansport of g l y p h o s a t e  into PG2982 cells (J.K. Moore, 
M.S. thesis, L o u i s i a n a  State U n i v e r s i t y ,  B aton Rouge,
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1983), all of the p h o s p h o n a t e s  were tested as sole 
sources of carbon and p h o s p h o r u s *  No g r o w t h  was 
obser v e d  In these e x p e r i m e n t s ,  and none of the 
n i t r o g e n - c o n t a i n i n g  p h o s p h o n a t e s  could serve as a sole 
source of n i t r o g e n  and p hosphorus*
PG2982 can cleave the C-P bond of 
p h e n y l p h o s p h o n a t e  and m e t h y l p h o s p h o n a t e . The products 
of this reaction, benzene and methane, are easily 
de t e c t e d  in the h e a d s p a c e  of serum b o t t l e - g r o w n  
cultures (Table 2). Cook et al. has reported that a 
K l e b s i e l l a  p n e u m o n i a e  isolate can produce benz e n e  from 
C-P bond c l e avage of ionic methyl p h e n y l p h o s p h o n a t e  
(11). M e t h a n e  p r o d u c t i o n  from m e t h y l p h o s p h o n a t e  
d e g r a d a t i o n  has also been des c r i b e d  for a P s e u d o m o n a s  
teatOBteronl strain w h i c h  can utilize methyl, ethyl, or 
p r o p y l p h o s p h o n a t e  as a sole source of p h o s p h o r u s  (12).
Figure 1 shows the d e g r a d a t i o n  schemes for methyl 
and p h e n y l p h o s p h o n a t e *  The exact m e c h a n i s m  of the 
re a c t i o n  is not known, but it is obvious that the C-P 
bond ca r b o n  is reduced in both c o mpounds to yield 
meth a n e  and benzene. C-P bond cleavage has bee n  wi d e l y  
repor t e d  in the liter a t u r e  for a v a r i e t y  of bac t e r i a l  
strains ( 1 , 4 , 6 , 1 1 - 1 3 , 4 8 , 5 0 ) .  It has been suggested 
that C-P bond c l e a v a g e  is a h y d r o l y s i s  r e a c t i o n  in 
w h i c h  the -OH and H of w ater are i n c o r p o r a t e d  into
Fig.
0  II
H O - P - O H
1O —  pl + o
P H E N Y L P H O S P H O N A T E  B E N Z E N E
H O
h - c - p - o h  ---------- ►  Pi - { -  CH-
H OH
M E T H Y L P H O S P H O N A T E  M E T H A N E
1. Degradation of m e t h y l p h o s p h o n a t e  and 
p h e n y l phosphonate by PG2982.
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phosphate and carbon, r e s p e c t i v e l y  (50). La Nauze et 
al. have reported that the p h o s p h o n a t a s e  enzyme (EC 
3.11.1.1) that cleaves the C-P bond of 
p h o s p h o n o a c e t a l d e y d e  (rele a s i n g  a c e t a l d e h y d e  and Pi) 
ut i l i z e s  a m o l ecule of w a t e r  during cat a l y s i s  (33). In 
the same report, these i n v e s t i g a t o r s  p r o v i d e d  evidence 
for imine fo r m a t i o n  b e t w e e n  a lysine g roup on the 
enzyme and the carbonyl carbon of
p h o s p h o n o a c e t a l d e h y d e .
PG2982 is a unique o r g a n i s m  in that it is capable 
of d e g r a d i n g  a much w ider range of p h o s p h o n a t e s  than 
any o r g a n i s m  des c r i b e d  to date. This study has shown 
that a l k y l p h o s p h o n a t e s  of various chain lengths,
1- a m i n o - s u b s t i t u t e d  a l k y l p h o s p h o n a t e s ,  a m i n o - t e r m i n a l  
p h o s p h o n a t e s , and an a r y l p h o s p h o n a t e  can all Berve as a 
sole souce of phosp h o r u s  for P62982. The enzyme
r e s p o n s i b l e  for C-P bond c l e avage is e i t h e r  very 
u n s t a b l e  or requires a dif f e r e n t  e n v i r o n m e n t  for 
a c t i v i t y  than p r o v i d e d  in this study.
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